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SUMMARY 
Several new transition-metal chelates of dithio-S-diketonato 
ligands have been prepared and are described herein. Electrochemical, 
magnetochemical, infra-red, nmr, esr, electronic and mass spectral 
methods have been used in their characterisation. Novel compounds 
related to the dithioacetylacetonate anion are also described. 
The mass spectrometric behaviour of a dithio-S-diketonato 
compound has been investigated in detail for the first time. 
Comparisons with the mass spectra of isostructural compounds with 
sulphur and oxygen donor atoms have enabled the effects on the mass 
spectrometric behaviour of donor atom variation in such compounds to be 
studied in detail. As an adjunct to these and other studies in the 
thesis, some substituted l,2-dithiolium iodide compounds have been 
studied by mass spectrometric methods. On the basis of mass 
spectrometric data, evidence of the existence of a number of new 
compounds is presented. 
Electrochemical studies have been concerned with the 
contributions o f various structural features to the electrochemistry of 
transition metal chelates. Comparative studies of the effects of 
sulphur and oxygen as donor atoms in such compounds have been undertaken 
using the compounds M(acac)3 and M(SacSac)3 (M=Cr, Mn, Fe, Co). These 
studies have been extended to bis ~helates, utilising the divalent 
nickel complexes of dipivaloylmethane and its monothio- and dithio-
derivatives. variation of the donor atom is found to influence the 
heterogeneous electron transfer process both kinetically and 
thermodynamically. The non-reversible electrochemical behaviour of a 
number of transition metal complexes of sulphur-based ligands has been 
investigated and found to be due to coupling of chemical reactions to 
the electrode process. Finally, a number of previously unknown redox 
processes of several dithio-chelate compounds are reported. The 
stability of a number of novel new co-ordination compounds has been 
demonstrated by electrochemical techniques and evidence for new classes 
of compounds of these sulphur-based ligands presented. Aspects of 
metal- as opposed to ligand-based voltammetric processes are discussed. 
ABBREVIATIONS 
The abbreviations used in this thesis are those used commonly 
in the literature. Thus, dtc = dithiocarbamate, diphos = o-phenylene-
bis(dirnethylphosphine), mnt = rnaleonitriledithiolate, xan = xanthate, 
for example. The usual abbreviations of aklyl and aryl functional 
groups are employed (e.g., Me 
Bu = butyl, Ph = phenyl, c-Hx 
methyl, Et = ethyl, Pr = propyl, 
cyclohexyl, pyrr = pyrrolidyl) . The 
ligands most commonly studied are those formally derived from 
acetylacetone (acacH) and are described by the nomenclature of 
references 1, 2 and 3. Some examples are given in Appendix I. 
The term "charge transfer" is commonly used (and preferred by 
some authors) to describe the heterogeneous electron transfer in 
voltammetric experiments. However , its use has been restricted to the 
discussion of Chapter 5 and the term "electron transfer" used elsewhere 
to avoid any possible ambiguity with electronic spectroscopic 
nomenclature. 
The abbreviation A ~ B to describe a reversible voltammetric 
one-electron transfer between A and B has often been used in the text 
. v 199) th h th umb (after the pract~ce of Vlcek ra er t an e more c ersome 
A + ne ~ B. 
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CHAPTER 1 
INTRODUCTION 
The versatility of acetylacetone as a chelating ligand is well 
. 4-8 known, and has been the subject of several rev~ews. This ligand 
possesses two very interesting capabilities which are fundamental to the 
study of comparative co-ordination chemistry. Thus, an extensive range 
of metals and metalloids can be complexed by the acetylacetonato ligand, 
a variety of sterochemistries being recognised. In addition to 
variation of the co-ordinated metal, there exists the potential for 
varying the donor atoms without substantially affecting the structure of 
the rest of the ligand system. Both of these possibilities were 
recognised at the turn of the century, the first being realised rapidly 
in the ensuing years. However, attempts to isolate dithioacetylacetone 
led only to the non-co-ordinating dimer 1,1,9-11 a manifestation of the 
. . 12,13 I 1 t d 
susceptibility of thioketo groups to polyrner~sat~on. so a e 
. 14-17 
examples of dithio-8-d~ketones were reported, the tendency towards 
polyrnerisation apparently being suppressed by the electron-releasing 
properties of the ligand substituents; however, not until the work of 
Martin and stewartl was dithioacetylacetone "isolated" in a stable form. 
These authors reasoned that 
" Isolation of the dimer (I) establishes that both 
oxygen atoms of the parent dike tone are, in fact, substituted 
by sulphur atoms in the reaction medium. Accordingly, it 
seemed possible that, if the reaction were carried out in the 
presence of a suitable metal ion, dimer formation might be 
sufficiently inhibited for dithioacetylacetone to be isolated 
in the form of its metal complexes. 
Monothio-B-diketonato complexes had been r eported a few years 
18-22 beforehand, and so the syntheses of the M(SacSac) complexes 
n 
completed a series in which the effects of successive replaceme nt of 
oxygen donor atoms by sulphur atoms could be studied. 
2 
The consequences of complete replacement of oxygen by sulphur 
begin to be manifest in the monothio- B-diketonato series. For example, 
although solid Ni(acac)2 and Co (acac)2 are respectively trimeric23 and 
tetrameric24 with octahedrally co-ordinated metal ions, Ni(Sacac)2 and 
) . 21,25 Co(Sacac 2 are monomerlC. Thus, the introduction o~ sulphur into 
the ligand stabilises the co-ordinately unsaturated monomeric forms of 
these complexes. However, these compounds still exhibit a tendency to 
expand their co-ordination spheres, as is evidenced by the varying 
. 21 26 degrees of base adduct formatl0n.' The extent to which sulphur 
stabilises these co-ordinate ly unsaturated monomers varies with metal 
and ligand, the manganous and ferrous derivatives of monothiodiberlzuyl-
. . .. 27 
methane having been prepared only ill the form of the dlpyrldlnates , 
. (t t) Whllst Fe Bu SacBu ac 2 
25 
co-ordination sphere. 
can be isolated with a simple Fe02 S2 
It is interesting to note in passing that, in 
contrast to Ni(SacSac )2' the nickel(II) chelate of the ligand II forms a 
II 
dipyridinate,28 indicating the importance of contributions of other 
aspects of ligand structure to the stabilisation of co-ordinately 
unsaturated species. 
A further consequence of the incorporation of sulphur into 
these co-ordinately unsaturated monothio-B-diketonato chelates is a 
9 02 4 51 8 ' 86 3 · 29 
8 · 73 2 44 8 ·62 
7 · 96 3 · 65 7 75 
3 59 7 83 
29 4 769 
7 90 
7 · 75 2 · 94 7 ·75 
l-'igur 1 - 1 . Donor atom dependence of pmr resunance positions . 
[ur di~ivaloylm·thane derivatives from this work, values of 
acetone derivatives from ref renee 44 . CDC]) sulutions; 
in ppm witll lctramethylsilane as refer nc: • 
Values 
acctyl-
v,Jlues 
proclivity to stabilise the planar, rather than the tetrahedral 
stereochemistry. Consequently, although monomeric Co (acac)2 and 
t t 29,30 Co(Bu acBu aC)2 are tetrahedral; Co(Sacac)2 is tetrahedral, and 
t t Co(Bu SacBu aC)2 undergoes a square planar/tetrahedral equilibrium in 
o 25 0 
solut10n. SLmilarly, the nickel(II) chelates of the ligands III 
eX 
>----N 
x o,s 
"'R I 
III 
3 
exhibit a square planar/tetrahedral equilibrium with the square planar 
form favoured when X = S. 31 In some cases, the introduction of sulphur 
is insufficient to stabilise the planar isomer. Thus, FeCBut SacBut ac)2 
o ah 25 0 ( 32 h 0 nf 0 0 33 1S tetr edral, as 1S Zn OEtSacSac)2. T e C1S-CO 19urat~on of 
cis-Fe(SacSac)2(CO)2 is probably better rationalised in terms of the 
"IT-backhonding properties of the carbonyl ligands, rather than by the 
assumpt i on of tetrahedral Fe (SacSac)2. 
Introduction of sulphur into the metal co-ordination sphere 
also tends to favour spin pairing. lot is misleading to cite the 
Ni(acac)2/Ni(Sacac)2 pair as an example here, since the diamagnetism of 
the latter is a consequence of the structural change. This effect is 
best illustrated by the octahedral ferric complexes. Whilst Fe (acac) 3 
o 0 h 0 34 d F ( ) 0 1 0 35-37 th f 0 thi B 1S h1g sp1n an e SacSac 3 1S ow SP1D, e err1c mono 0--
diketonates exhibit spin isomerism to an extent dependent upon the 
chelate ring substituents. 38 ,39 Interestingly, although the rapidity of 
the spin interconversion has prevented the observation of both spin 
isomers at the same temperature in the ~ossbauer spectra of other 
iron (III) "spin cross- over" systems, peaks attributed to both spin 
o •• 39 40 f isomers have been reported 1.n the Mossbauer and esr spectra 0 some 
iron"(III) rnonothio-B-diketonates. A cis-meridional Fe(RCSCHCOR'») 
configuration was assumed in the interpretation of the csr results. 
o 41,42 hi. 43 However independent dl.po1e moment and x-ray crystallograp c 
CiS-::f·CI'(NO)~ 
I )mpdo co 
F8Z(SOCSoc)4 ( mpdo)(CO) .. Fe(SocSoc)Z ocis- Fe(SocSoC)2(CO)2 
2)CO 1 co / I 0, / .,' ,. , .. 
Figure 1-2. Reactions of Fe(SacSac) 2 . From refer ence 33. 
ml~a = m- pheny1enediamine . 
1 
4 
studies have s hown that the complexes (R' = Ph , R= Me or Ph; R' = CF3' 
R = Me, 2-thienyl, Ph, p-MeC6 H .. or p -BrC6 H .. ) adopt a f aci a l r a the r t ha n a 
mepidional configuration. A low-temperature Jaci al-mepidi ona l 
equilibrium which might be expected to occur more slowly than a s v i n 
equilibrium is a possible alternative explanation of the Moss baue r 
results. 
A donor atom dependence is also observable in the nmr 
spectrum. Substitution of oxygen by sulphur causes a s h ift of both the 
methine and ring substituent proton resonances to lower fields (Fig . 
1-1) . The origin of this effect is unclear. Molecular orbital 
calculations, for example, have shown that there is less electron 
density at the methine proton of Ni(SacSac)2 than there is at that of 
. ( ) 46 h' f . N~ Sacac 2' Contact s ~ t nmr stud~es on pyridine adducts of nickel 
8-diketonates and monothio- B-diketonates have indicated that the sulphur 
donor atom facilitates delocalisation of more a-, but less n - electron 
47 density than does oxygen. 
The substitution of oxygen by sulphur is completed by the 
M (SacSac) series. All of these complexes are monomeric and low spin, t 
n 
and of the bis-chelated compounds, Zn(OEt8acSac)2 is the only reported 
32 48 
tetrahedral example. Zn(SacSac}2 has been assumed to be planar, 
however it is more likely to be tetrahedral. Adducts of M (SacSac) 2 
II 33 II 1,49-51 
compounds are known where M = Fe or Co Fe (SacSac) 2 is 
reported to undergo the reactions opposite, whilst Co(SacSac}2 is 
reported to form five- co-ordinate low-spin cobalt(II} adducts with 
piperidine and pyridine and withy (Cs Hs) 3' where Y = p, As, Sb and Bi . 
Co(SacSac}2 can also enlarge its co-ordination sphere in reactions 
. . . . 52-54 ~nvolving a change ~n the cobalt o~datlon state. 
Di thioacetylacetone does not readily form as extensive a 
series of complexes as does acetylacetone. This is probably a 
consequence of the rather severe conditions necessary in the Martin-
Stewart synthetic method. Early attempts to extend the range of dithio-
8-diketonato complexes resulted instead in the isolation of compounds 
35,55-60 
with the general formula MX .. L2 • These compounds were observed 
to "decompose,,55 on dissolution, the presence of M+2, X-, and dithiolium 
. , . h 35 h f . cations in solut~on be~ng establ~s ed. T e ormulat~on 
t One possible exception is Fe(SacSac)2' which has been only partially 
characterised . 33 
Table 1-1. Idealised geometries of known metal 
dithio-8-diketonato structures . 
Compound Idealised Geometry Reference 
Fe (SacSac)3 Octahedral 37, 77 
Co (SacSac)3 Octahedral a 
Rh(SacSac)3 Octahedral 77, 79 
Co (SacSac) 2 Square planar 72, 77, 78 
Ni(SacSac)2 Square planar 77, 78 
Ni(NH2SacNH2Sac)2 Square planar 80, present 
Zn(OEtSacSac)2 Tetrahedral 32, 77 
work 
a P.M. Commons and B.F. Hoskins, unpublished results . 
[MX 4- 2] [di t hiol i um cation]2 was specifically rejected (on the basis of 
the intense colour in the solid salt of two colourless ions) in favour 
of structures such as I V and v35 or an octahedrally co-ordinated metal 
+ . 56 57 ion with "monodentate" sulphur bonded CSH7S2 l~gands, VI. ' 
IV V 
CSH7S2 
x __ l,......-x 
M 
x......- I .............. x 
CSH7S2 
VI 
5 
However, on the basis of chemical and spectroscopic evidence, 
Heath et at. 61 showed the compounds MX 4 (C s H7S2)2 to be the 
tetrahalometallate salts of the 3,5-dimethyl-l,2-dithiolium cation, and 
ascribed the intense colours of the solid compounds to charge transfer 
between the dithiolium cation and the tetrahalometallate anion. Crystal 
. . 62-66 f ' d h ' fl ' structure detenn~nat~ons subsequently con ~nne t ~s onnu at~on, 
and the close Cl ••• S contacts observed were suggested as a pathway for 
the charge transfer. 
37 67 
spectroscopy. ' 
Additional confinnation was provided by Mossbauer 
An extensive series of these compounds was 
. . 68-71 
subsequently synthesised and character~sed, with a recent report 
providing a convenient synthetic route to the substituted-l,2-dithiolium 
halides. 72 The 3,5-dimethyl-l,2-diselenolium cation has also been 
isolated. 73 The range of M(SacSac) complexes has since been expanded 
n 
. . 2,35,58,74,75 by recourse to other methods of l~gand generat~on. 
Paradoxically, the mildest and hence perhaps most promising method of 
76 SacSac generation, metathesis with Ni(SacSac)2 in refluxing alcohol, 
has received least application. 
Isolation of the dithioacetylacetonates has been followed by 
detailed physicochemical studies. X-ray crystallographic investigations 
have established the structures of many of the known dithio-B-
diketonates32 ,36,37,77-80 (Table 1-1). The divalent metal bis-chelates 
are square planar monomers, whilst the monomeric trivalent metal 
tris-chelates are slightly but significantly distorted from an 
octahedral towards a trigonal prismatic stereochemistry. Two features 
of interest in these structures are the short S ••• S intraligand 
distances, and the localisation of ligand bonds in Fe(SacSac)3. 
Infra-red spectral assignme nts have been the subject of some 
debate si nce the e rron eous comparison between the spectra of monome ric 
" square planar " · Ni(SacSac)2 and trimeric "octah edral " Ni(acac), . 8] 
. . 52,82 Comparatlve studles and normal co-ordinate analyses on the 
dithioacetylacetonato and related monothioacetylacctonato 
44 83-89 
compounds,' have established the origins of most M(SacSac) 
n 
bands, although the assignment of the frequency of the C = C bond 
6 
stretching mode absorption, V(C = C), is still in dispute. Interestingly, 
Heath and Martin52 distinguish between bis- and tris-chelated complexes 
on the basis of the position of the \) (C = C) absorption, which is near 
1490 em-I in the former, and near 1465 em-I in the latter compounds. 
The electronic spectra are dominated by intense charge 
transfer transitions. Assignments of electronic spectral bands have 
b d h b . f 1 1 .' 1 1 l' 90,91 een rna e on t e aS1S 0 two mo ecu ar orDlta ca cu atlons . 
These, however, differ in their choice of ground state both from each 
other and from that determined for Co(SacSac)2 on the basis of single 
. . 92. 
crystal magnetlc anlsotropy measurements. In thls last study, the 
unpaired Co(SacSac)2 electron was assigned to the d 2 orbital, an 
z 
50 
assignment accepted elsewhere. Contact shift nmr studies, initially 
at variance with this configuration, were subsequently found to 
. 93,94 
substantiate the Co(SacSac)2 asslgnment. 
Nmr experiments establish a marked dependence of the position 
of the methine proton resonance upon both the metal d-orbital population, 
and the chelate-ring substituents. 2 The latter effect is rationalised 
readily in terms of the electron-donating capabilities of the 
substituents, although the reason for the metal d-orbital dependence is 
unclear. It should be noted, however, that changes in the metal 
d-orbital populations are accompanied by c hanges in the stereochemistry 
of the complexes. 
Curie-weiss behaviour has been observed for the magnetic 
susceptibility of paramagnetic dithio-B-diketonates. The room 
temperature values of ~eff for the M(SacSac)3 complexes of the iron 
Ti 
Zr 
Hf 
v Cr MIl Fe Co Ni Cu 
Nb Me Tc Ru Rh Pd Ag 
Ta w Re Os Ir Pt Au 
Figure 1-3. Dithioacetylacetonato complexes known 
at the commencement of this thesis. 
Zn 
Cd 
Hg 
7 
triad are quite low, and a number of factors, such as magnetic exchange, 
orbital contributions, and mixing with excited states, have been 
d · d ' h ' . 36,82 h . 1scusse 1n t 1S connect10n. T e magnet1c susceptibility 
behaviour, and Mossbauer and esr spectra of Fe (SacSac)3 are all thought 
to reflect the lower than octahedral symmetry of the 
1 36,37,82,95,96 comp ex. Even in polycrystalline form, anisotropy of the 
. 35 36 Fe(SacSac)3 g-tensor is clearly eV1dent.' Only the average g-value 
2 36 74 has been measured for other dithio-S-diketonato complexes.' , 
Thus, as indicated earlier, both contrasts and similarities 
may be found in comparing the complexes of monothio- and dithio-S-
diketonato ligands. Whilst the latter compounds have been only briefly 
reviewed,97 the former have been the subject of several 
. 22,98-101 . 
reV1ews, two of them be1ng extremely comprehensive . 
Two major objectives were apparent at the commencement of the 
present work. These were the development of synthetic routes to 
previously inaccessible and/or potentially interesting compounds, and an 
examination of the comparative effects of sulphur and oxygen donor atoms 
in electron transfer reactions. The synthetic and allied 
physicochemical studies are the subject of Section A. 
As e s tablished when dithio-S-diketonates were first 
h · 1,81 h f b d d d ' 1 b synt eS1sed, t e range 0 these complexes can e exten e rea 1 y Y 
varying the S-diketone in the Martin-Stewart synthesis. This 
.. .. . () . h ' Q d ' k 1,45,81 mod1f1cat10n has Y1elded several n1ckel II d1t 10-~- 1 etonates, 
none of which is of intrinsic interest,' their properties being quite 
analogous to those of Ni(SacSac)2. 
However, the investigations of Section A were directed towards 
the isolation and study of selected compounds of especial interest and 
potential. For example, the importance of Cr(SacSac)3 and Zn(SacSac)2 
is twofold. Their syntheses have extended the range of SacSac compounds 
to metals beyond the Group VIII block (Fig. 1-3), and provide 
alternatives to the Martin-Stewart synthetic route. A dual purpose is 
similarly served by the study of the dithiomalonami dato compounds of 
Chapter 2. The substitution of -CH3 by -NH2 substituents introduces one 
of the most electron-donating groups into a dithio-S-diketone, and so 
provides an extreme case of the influence of substituents upon the 
behaviour of dithio-S-diketonato chelates. Additionally, these 
8 
complexes provide the only example to date in which all of the species 
of importance in dithio-S-diketonate chemistry (viz., protonated ligand, 
ligand anion, dithiolium salt and metal complexes of the first two 
species) may be isolated. 
The second theme of this thesis is the comparative study of 
sulphur and oxygen as donor atoms. As indicated previously, the 
acac/Sacac/SacSac series of compounds provides a rare opportunity for 
such a comparison. Accordingly, in Section B a detailed study of the 
mass spectrometric behaviour of a series of nickel (II) bis-chelates 
differing only in the numbers of oxygen and sulphur donor atoms has been 
undertaken. Not only does this study establish the effect of successive 
replacements of oxygen donor atoms by sulphur donor atoms, but it also 
provides the first detailed examination of the mass spectrometric 
behaviour of a dithio-S-diketonato complex. To assist in the 
interpretation of these results and of the mass spectrometric data of 
Chapter 2, the electron-impact induced behaviour of a series of 
substituted 1,2-dithiolium iodides has been studied. 
The role played by sulphur-based ligands in promoting 
extensive, facile electron transfer series and in the stabilisation of 
unusually high or low oxidation states has become increasingly apparent 
recently. To what extent this phenomenon is restricted to sulphur-based 
ligands and whether oxygen-based ligands can serve similar purposes is 
investigated in Section C. Additionally, the effects upon the 
electrochemistry (and hence upon the stabilisation of high and low 
oxidation states) of donor-atom variation, chelate-ring substituent 
variation, metal- as opposed to ligand-based electron transfer, 
co-ordination number and the lability of redox products are specifically 
investigated as part of a general discussion of the influences of 
several aspects of ligand design upon the electrochemistry of 
transition-metal chelates. 
SECTION A 
SYNTHETIC STUDIES 
CHAPTER 2 
DITHIOMALONAMIDE AND ITS Ni(II), Pd(II) 
AND Pt(II) DERIVATIVES 
-I 
Table 2-1. Infra-red Data (cm- l ). 
:l,5-Diamino- Dithiomalon-
1, 2-dithio1ium 
amide (LH) b NiL2 PdL2 
Pt L2 
cation a 
331S} 3420 3420 3410 
3270 V (N-H) 3398 3398 
3140 V(N-H) 
3280 2940 V (C- H) 3280 
3280 3280 
3140 2590 v (S- H) 3180 3180 3180 
1650 1622 o (NH2) 
1608 1608 1608 O(NH2) 
1625 1530 1525 1525 v (C- N) 
1530 1440 v (C-N) 1435 1430 1428 
1515 1320 1320 1325 
1430 1290 V(C-C) 1250 1245 1250 
1370 1220 v (N- H) + v (NCS) sym 
1263 1130 1130 1130 
1040 
nos 985 W(NH2 ) 
965 
800 v (C=S) 798 800 800 
780 780 780 
740 V (N- H) 740 740 740 v (N- H) 
720 
655 655 650 
615 615 
600 585 590 
530 565 
460 490 
420 450 450 
405 400 
290 320 350 
a 
as the chloride salt - reference no. 
b 
assignments from reference 103. 
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Dithiomalonamide14 and N,N'-disub stituted dithiomalonamides16 
can function as either neutral or anionic ligands with nitrogen and 
sulphur available as potential donor atoms. The small amount of data 
available on such complexes16 ,102- 104 is conflicting and their 
interpretation is often speculative . Thus, bis(dithiomalonamidato)-
. k l ' l' d b d ' . . 102 . . nlC e lS c alIDe to e lIDerlC ln one report, and monomerlc ln 
another. 104 It has been inferredl03 that bis(dithiomalonamide)cobaltous 
dichloride co- ordinates via both sulphur a t oms, whilst the co- ordination 
. h . k 1 . . 104 . ln t e nlC el ana ogue lS asslgned as belng through sulphur and 
nitrogen. On the other hand, bis(dithiobiureto)nickel has been shown by 
x-ray analysis l05 to involve co-ordination via both sulphur atoms. 
Unfortunately, the interpretation of the infra- red data obtained for some 
bis(dithiobiuret)metal(II) dichlorides is not compelling. l06 ,lQ7 Howe ver , 
co-ordination via both sulphur atoms appears to be probable in these 
cases. 
By contrast, complexes of dithioacetylacetone and related 
1 · d have been xt' 1 ~ ' ed 1,3,36,44,45,52,108 Such 19an s more e enSlve y StUul • 
studies have been hampered, to some extent, by the tendency of the free 
ligands to polymerise in the absence of a oo- ordinating site. Oxidation 
of dithio-B-diketonato complexes frequently yields the corresponding 
1 2 d ' th ' l' . 44,68,109 ' th' l ' d ff d , - 1 10 lum 10n. Dl loma onaml e 0 ers a vantages over 
many dithio-B-diketones in that it is stable in the form of free 
dithiomalonamide and will complex metal centres as such. Alternat i vely, 
it can lose a proton and co-ordinate metal ions as an anionic ligand, or 
., .. ' h ' . n ' 110 lt can readlly be oxidised to the "3,5- dlamlno-l,2-dlt 10llum 10n . 
Hordviklll has suggested that this species would be better formulated a s 
an imine-type moiety, and this is reflected in some of its chemistry 
(vide infra) . However, for purposes of reference and comparison, it 
wi ll be referred to as a dithiolium ion. 
- 0·2 
-0·4 
- 0 · 6 
-\·0 
-\· 2 
- 0 ,4 -0,2 o .0·2 
Figure 2-1. Substituent d ependence of E1I2 for first reducti on wav( 'S 
of Ni(C
3
HS
7
RR')2 chelates . All points from r ference 2 , xcep l 
t -Bu/t-Bu from present work. a m values from reference ]45 . 
·0- 8 
P 0/-1 ... -_." ] -- - W 3 
E~ (V) o 
- 0 · 4 
- 0· 8 
- \ · 2 
-0,3 o • 0 ' 3 ·0'6 .0" 
~ 
3 
Figure 2-2. substituent dependence of El/2 for first reduction wave s 
of RU(C 3H02 RR')3 chelates . El/2 values (at a rotating platinum 
e l ctrode vs. sce in DMF) from reference 112; Om v alu 's from 
reference> 145 . 
The electrochemical behaviour of tris(B- diketonato)ruthenium 
complexes has been shown to depend upon the nature of the chelate ring 
. 112 . . B subst1tuents, and a s1m11ar effect has been observed with dithio- -
10 
diketonates (Figs. 2-1 and 2-2) . In particular, the replacement of both 
CH 3 groups by NH2 groups should facilitate oxidation of the derived 
metal complexes. 
Accordingly, complexes of both d i thiomalonamide and the 
dithiomalonamidato anion were prepared with a view to comparing the 
related species: dithiolium ion, dithio-B-diketone, dithio- B-
diketonate, and complexes of the latter two species. In particular , the 
new bis(dithiomalonamidato) complexes of palladium and platinum have 
been synthesised to complete the group VIII triad. Infra- red, 
electronic, mass and nuclear magnetic resonance spectra, and 
polarographic behaviour of all compounds have been reported in the hope 
of establishing the nature of the co-ordination and resolving anomalies 
in the literature. 
(a) DITHIOMALONAMIDE (NH2SacNH 2SacH) 
14 
Since the initial synthesis by Lehr et al ., very few 
references have been made to dithiomalonamide. The infra- red spectrum 
between 1650 cm- 1 and 700 cm- 1 has been assigned by Jensen and 
Nielsen. l03 Table 2-1 lists those absorption bands in the range 
4000 - 200 cm- 1 • The solid state infra-red spectrum (in a KBr matrix) 
exhibits a peak at 2590 cm- 1 characteristic of the S- H bond stretching 
mode. 113 However, no bands other than those observed in the solvent 
blank were observed in this region of the dimethyl sulphoxide solution 
spectrum, indicating that dithiomalonarnide exists in the thio- enol form 
I in the solid s tate and probably as the d i thione tautomer II in polar 
solvents . 
Table 2-2. lH NMR Spectral Details. 
°CH 
a a 
°NH 
a 
Compound (ppm) °CH(ppm) (ppm) Solvent 
2 2 
NH 2SacNH2SacH 4.01(2) 2 . 68(4) Acetone-d6 
~ 
• 
+ -(C 3 Hs N2S2 ] I 6.59 - 8 .9 Acetone-d6 
(Ni(NH2SacNH2Sac)2] 5 . 59(1) 7.11(4) DMSO-d6 
(Pd(NH2SacNH2Sac)2] 5.59(1) 7.22(4) DMSO-d6 
b 5.55(1) 7.24(4) [Pt(NH2SaCNH2Sac)2] DMSO-d G 
(Ni(NH 2SacNH2SacH) 2] C1 2 4.04(2) 9 . 57(4) DMSO-d(, 
a 
b 
Figures in parenthesis indicate relative integrated peak areas. 
No extra peaks were observed over the range 20:::> 0:::> -10. 
M· 
r---------------, 
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80 
~ 60~ 
o 
~ 
c: 
:> 
~ 40 
2:~~ __ I~_~.I~~~~~II~~I~I __ ~.I~~I~.~I--~I~"~~1 
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Figure 2-3 . Schematjc mass spectrum of dit- iomalonamide. 
1 
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s s s 
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This assignment is supported, in part, by nmr studies in 
acetone- d 6 (Table 2- 2). Two peaks are observed at 0 4 . 01 ppm and 
o 2.67 ppm (relative to TMS) with integrate d areas in the ratio 1:2 
11 
t 7 114 respectively. Kolesova e a~. reported the former peak and assigned 
it to the methylene protons. The other peak is assigned to NH2 protons. 
Both peaks were observed to exchange with added D2 0 with a resultant 
decrease in intensity. Di thiomalonamide may be compared with 
o-ethylthioacetothioacetate (OEtSacSacH) which has been shown to exist 
in the thio-enol form in CDC1 3 solution .
3 
The mass spectrum of dithiomalonamide is reproduced 
schematically in Figure 2- 3 . Peaks with an intensity < 10% of the 
parent ion peak at m/e 134 have been omitte d . The spectrum is 
dominated by the parent ion peak which was arbitrarily assigned an 
abundance of 100%. Interestingly, only a small peak was observed at 
m/e 133, corresponding to the 3,S- diamino-l,2- dithiolium cation, 
indicating very little decay via this species. In this respect, the 
behaviour of dithiamalonamide contrasts with that of 
h ° h
O 3 d f tal 1 f o-et ylthloacetot loacetate, an 0 me camp exes 0 
o ° 1,36,46,68 / 101 d abl ° dlthioacetylacetone. A peak at me, an a metast e lon 
at m/e - 76 established that the parent ion decays via loss of SH· 
NH 2 SacNH2 SacH 
M.W. 134 
- e 
~ M 
m/e 134 
(M- 33) 
m* 76 m/e 101 
Dithiamalonamide eXhibits complicated dc polarographic 
behaviour at a dropping mercury electrode (dme) in acetone . Waves 
(e1 100 {[C 3H6N2 S2]} 
+ O. 310 .--_-_4_.o,o_o __ ---3-.o,o-o-----.::.2=-.o..:,....o~0----=-1.0::;...0=-0=----. 
+0·300 
+0·290 
-() 
01 
<t 
+0·280 "-
01 
<t 
., 
> +0·270 
., 
-0 
> 
+0·260 
,. '" O~
w 
+0-250 
+0-240 
Figure 2-4. Concentration dependence of EI/2 of oxidation wave observed 
for dithiomalonamide. 
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estimation of E3/ '+ - El / '+ (see Chapter 5). The reduction wave at 
-1.90 V vs . Ag/AgCl is quite complex and appears to involve a reversible 
process followed by a second wave incorporating a number of non-
reversible steps . The complexity of the r eduction process is reflected 
in the asymmetry of its ac polarographic wave . 
In contrast, the oxidation step i s apparently r e versible and 
diffusion controlled. However, the potential at which the o xidation 
wave occurs is concentration dependent over the range 
-2 -'+ 1.5 x 10 - 3.0 x 10 M, yielding a value of approximclL(' ly 
+0.32 v vs . Ag/AgCl at infinite dilution (Fi g. 2-4) . Further , 
coulometry at a mercury pool shows that the oxidation requires 1.1 ± 0.1 
electrons/mole of dithiomalonamide. Similar behaviour has been observed 
. h 1 h f h h' . 115 h 1n t e po arograp y 0 O-et ylt 10acetoth10acetate, were the overall 
electrode process has been shown to be 
Hg + OEtSacSacH + [Hg(OEtSacSac)]+ + H+ + 2e (a) 
OEtSacSacH + [Hg(OEtSacSac)]+ ~ Hg(OEtSacSac)2 + H+ (b) 
with reaction (b) being quite slow on the p olarographic time scale; the 
electrode process at the dme being represented by reaction (a). 
In the present case, a plot of El/2 vs . log [LH] (Fig. 2- 4) 
is a straight line of gradient 31 mV (at 22°). This result is 
consistent with the coulometry and is in keeping with electrode 
oxidation in the presence of NH 2 SacNH2 SacH by a mechanism similar to the 
above. 
The gross electrochemical behaviour of dithiomalonamide, then, 
appears to be similar to that of O-ethylthioacetothioacetate, although 
the lack of information about the electrochemistry of the possible 
products of the dithiomalonamide oxidation precludes a more detailed 
analysis and comparison with O- ethylthioacetothioacetate. 
The e lectronic spectrum of dithiomalonamide in methyl-
. 104 . 
cellusolve has b een reported prevlously. Again, yUlte a nalogous ly Lo 
O-ethYlthioacetothioacetate,3 the spectrum has been found to b e markedly 
solvent dependent in the present work. 
Scheme 2-1 
+n [M (SacSac)n] - e 
-
-HS" 
+n III .11 II II II P II M =Cr ,N1 ,Pd ,Zn · ,Co , t mle 131 m* 73.5 
[Ni(CP 3 SacSac)2] 
+ C3 HSN2S2 
-
not observed 
(M+l) 
mle 134 
mle 133 
-P" ~ 
m* 125 
(M-19) 
mle 166 
(M- 33) 
mle 152 
(M-33) 
mle 98 
(M-33) 
mle 100 
Note . .The designation "M" applies only to the decay of the dithiolium 
ion, and not to the dithio-8-diketonate compl ex. 
100 
80 
60 
40 
20 
o 
30 70 80 90 100 110 120 130 140 
Fiyur > 2 - 5 . })c h ('ma ti c ma!js s pec trum of N j (NIJ 2 SClCNH, Sd ' ) , . 
1 1 
(b) 3,5-DIAMINO-l,2-DITHIOLIUM IODIDE 
Hordvik's x-ray analysislll suggests that the cation should be 
represented by resonance structures such a s IV, with the positive charge 
on the exocyclic nitrogen atoms rather than by structures such as III 
which are more important for alkyl-substituted dithiol ium cations:16 ,117 
5-5+ 5-5 
III IV 
110 Jensen has reported the infra-red spectrum over the range 
4000 - 600 em - 1, and these results are included in Table 2-1 for 
114 
comparison. Kolesova et aZ. have report ed A values in the 
max 
electronic spectra of related N,N'-disubstituted 3,5-diamino-l,2-
dithiolium ions in aqueous and alcoholic solutions. Their values 
(A - 300 nm, log £ - 4.5) accord well with that (A = 291.8 nm, 
max max 
log £ = 3 .71) for 3,5-diamino-l,2-dithiolium iodide in aqueous solution. 
Voltammetric studies at a platinum electrode in acetone 
reveal (apart from an oxidation wave, and a complex oxidation/reduction 
wave both attributable to the iodide ion) a non-reversible reduction at 
approximately -0.27 V vs. Ag/AgC1. This reduction is even more complex 
at the dme. The reader is referred to Chapter 6 for a discussion of the 
electrochemist.ry of some 1, 2-di thiolium ions. 
Chapter 4 incorporates a study of the mass spectrometric 
behaviour of a number of alkyl- and aryl-substituted 1,2-dithiolium 
cations as their iodide salts. Comparison with 3,5-diamino-l,2-
dithiolium iodide establishes that its mass spectrometric behaviour is 
analogous to that of the other substituted 1,2-dithiolium iodides 
studied. 
The nmr spectrum of 3,5-diamino-l,2-dithiolium iodide in 
acetone-d 6 (Table 2-2) shows a ,sharp resonance at 0 6.59 ppm , 
Table 2-3. 
Compound 
[pt (acac) 2 ] 
[Pt(SacSac) 2 ] 
[pt(OEtSacSac) 2] 
[Pt(NH2SacNH2Sac)2] 
a 
b 
Ref. 119. 
Ref. 120. 
Ref. 82. 
Pt-H Coupling Constants. 
J pt- CH J Pt-CH3 
Hz Hz 
11 a Sa 
10.6 b 4.8 b 
d 9 C 
6.2 e 8.6 e 
2.3 
d 
e 
Not resolved due to limited solubil ity. 
Ref. 121. 
J pt-NH2 
Hz 
6.9 
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attributable to the methine proton resonance (this being in close 
agreement with that observed by Futterer in trifluoroace tic acid
l17 ), 
and a broad resonance centred a t about 6 8 . 95 ppm, attributabl e to 
resonance of the NH2 protons . In contrast to the peak shape of the NH 2 
proton resonance absorption in dithiomalonamide, and in complexes of 
dithiomalonamide and of the d ithiomaJonamidatc a nion , the 0 8 . 95 ppm 
p eak i n 3, 5- diamino-l, 2- d ithi ol i um iodid e i s broad and poorly resolve d . 
(c) METAL DITHIOMALONAMIDATO COMPLEXES [M(MH2 SacNH2 Sac) 2 ) 
The complexes with divalent nicke l, palladium and p+atinum are 
diamagnetic, appear to be quite air-stable, and have melting points 
above 350°C, with apparent decomposition above 200 °c. They are 
soluble in dimethyl sulphoxide, pyridine, d imethyl formamide and acetone 
1 
but, unlike the corresponding M(SacSac)2 compounds, are insoluble, or 
only sparingly soluble, in chloroform and benzene. Mole cular we ight 
measurements establ ishe d that the nicke l and pall~dium comp l e xes a r e 
monomeric in pyridine. The similarity of t he electronic and infra-re d 
spectra of the three compounds, coupled with the fact t hat the 
electronic spectrum of the nickel complex is the same in the solid state 
and in pyridine or dimethyl sulphoxide solu tions, supports a monomeric 
nature for the three complexes. Odnoralova and Kudryavtsev's 
. 102 f h . kId d· ( th b . f ass1gnrnent 0 t e n1C e compoun as a lIDer on e aS1S 0 
elemental analysis alone) is clearly erroneouS. 
(i) Mass Spectra 
The dithioacetylacetonates of divalent zinc (Chapter 3), 
nickel, palladium, platinum and cobalt,l all exhibit a pare nt ion in 
their mass spectra, with the most abundant peak occurring a t m/e 1 31 , 
corresponding to the 3,5-dimethyl-l,2-dithiolium cation.
l 
The mass 
spectrometric behaviour of the present compounds, however , differs 
greatly from that of the dithioacetylacetonates and from each othe r. 
Figure 2-5 shows the mass spectrum of Ni(NH 2SacNH zSac) z · The 
principal differences from those of the divalent metal dithioacetyl-
acetonates are the lack of a parent i on at m/e 325 (i n f act , a lac k of 
any substantial peaks at m/e values in e xcess of 136), and the lack of a 
-C-S (A) 
C-O (.8.) 
Table 
Tabl 2-4. Selected carbon-donor atom bond lengths . 
Ni (NH 2 SacNH2 Sac) 2 a 
32 
Zn(OEtSacSac)2 . ( ) 78 N1 SacSac 2 
1. 734 (2) 
1.724(2) 
1.682(4) 
1. 707 (4) 
t t 30 
Zn(Bu acBu aC)2 . t t 130 N1(Bu acBu aC)2 
1. 274 1. 314 (10) 
a See Table 2 - 9. 
2-5. Compositions of ligand N- H bond stretching 
determined by normal co- ordinate analyses. 
Ligand V(N-H) 
calc. 
% V(N-H) 
3326 100 
1 . 685 (3) 
modes as 
Ref . 
132 
Thiocarbohydrazide 3294 100 
3220 100 
3287 101 
Thioformamide 3191 99 133 
large peak at m/e 133, corresponding to the 3 , 5- diamino-l , 2-dithiolium 
cation. 
15 
A peak is observed at m/e 134, and apart from the lack of 
peaks corresponding to Sa decay, the mass spectrum of Ni(NH2SacNH2Sac)2 
is very similar to that of the 3,S-diamino-l,2-dithiolium cation (q.v. ) 
with peaks at m/e 134, 100, 84, 60, etc., suggesting that 
Ni(NH2SacNH2Sac)2 does, in fact, decay (perhaps thermally in the source) 
via the 3 ,S-diamino-l,2-dithiolium cation, as is observed with the 
divalent metal dithioacetylacetonates (Scheme 2-1). However, the 
3,S-diamino-l, 2-dithiolium cation peak is not the most abundant pe~ in 
the mass spectrum of Ni(NH 2SacNH2Sac) 2 ' whereas the 3,S-dimethyl-l,2-
dithiolium cation peak is the most abundant peak in the mass spectrum of 
the metal dithioacetylacetonates. 
Perhaps the most interesting feature of the Ni(NH2SacNH2Sac)2 
mass spectrum, however, is a weak but well-defined cluster of peaks 
about m/e 402 . The position of this cluste r and the isotope pattern 
suggest that it corresponds to [Ni(NH2SacNH2Sac)2" (DMSO)]+, i.e. that a 
small amount of solvated complex has been volatilised and ionised 
complete with dimethyl sulphoxide solvent. 
The mass spectrometric behaviour of Pd(NH2SacNH2Sac)2 is 
similar to that of its nickel congener, wi t h respect to decay via the 
3,S-diamino-l,2-dithiolium cation , but additionally it e xhibits peaks at 
m/e 338 and 274 , probably corresponding to ioss of H2S from the complex , 
followed by loss of S2 from the species so generated. 
Corresponding additional peaks are not observed for 
Pt(NH 2SacNH2Sac)2' but otherwise it behaves analogously to the nickel 
and palladium compounds, there being no pa~ent ion nor 
[M(NH2SacNH2 Sac)]+ peaks, and decay via the 3,S-diamino-l,2-dithiolium 
cation being evidenced by peaks at m/e 134 and 100 . 
(ii) Nuclear Magnetic Resonance Spectra 
Table 2-2 summarises the proton nuclear magnetic resonance 
spectra of the three compounds in d 6 -DMSO. Two peaks were observed, with 
integrated areas in the ratio 4: 1. The resonance at 0 - 7 . 2 is slightly 
broadened. Its intensity is decreased upon addition of D20 and, in the 
Table 2-6. Wave numbers of (N-H) bond 
stretching mode absorptions. 
Compound V(N-H) (em- I ) 
thiourea (tu) 
Ni(tu)2(SCN }2 
Pd(tu)"C1 2 
Pt(tu)"C12 
ethylenediamine (en) 
3365, 3258, 3156, 3097 
* Pt(en)Br2 
* Co(en)3 C1 3 
n-CeH17NHCH2CH2SH (OcLH) 
C6HsCH2NHCH2CH2SH (BzLH) 
* Ni(OcL)2 
* Ni (BzL) 2 
Ni(C"H g NHCH2CH2S)2 
3340, 
•••• I 
3360, 
3340 
3270 
3210 
3300 
3320 
3086 
3105 
3282 
3250, 3170 
3290, 3120 
3290, 3160 
* ligand donor atom is nitrogen. In other cases, 
donor atom is sulphur. 
+ + MeyyOEI 
S S s 
Ref. 
140 
138 
138 
138 
139 
139 
139 
134 
134 
134 
134 
134 
s 
VI VII VIII 
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case of the nickel complex, this resonance is shifted to higher field on 
addi tion of DCl. The <5 - 5 .6 resonance is unchanged by these addi tions. 
Therefore, the former resonance is ascribed to the NH 2 protons and, as 
in dithiomalonamide, is observed despite 14N quadrupole effects, 
bl b f h . h .... h 118 presuma y ecause 0 exc ange W1t aqueous 1mpUr1t1es 1n t e solvent. 
The latter resonance is assigned to the me thine proton. It is 
interesting to note that the resonances of the backbone protons are 
observed at progressively lower fields as the series NH 2SacNH 2SacH, 
+ M(NH2SacNH2Sac)2' NH 2SacNH 2Sac is traversed. This shift corresponds to 
decreased shielding of such protons due in part perhaps to an increase 
in the amount of positive charge in the resonance forms of importance 
. 2) () 82 .. (F1g o -6. In contrast to Pt SacSac 2 ' the Spl1tt1ngs due to the 
195pt nucleus in Pt(NH2SacNH2Sac)2 have been determined and are compared 
with those in analogous compounds in Table 2- 3 . Although J is Pt-NH 2 
substantially larger than J pt_CH in Pt(NH 2SacNH 2Sac)2' the significance 
of this is not clear, although it is possibly indicative of a 
substantial contribution to the bonding by the conjugated system v. 
v 
Similarly, the inequality J pt- NH > J pt- CH may arise because canonical 2 3 
structures corresponding to V cannot be written when the ring 
substituent is -CH3 as in Pt(acac)2 and Pt(SacSac)2 . 
Should the co- ordination of the ligand be via nitrogen rather 
than sulphur, a value of J much larger than the observed value 
Pt-NH 2 122 . 
might be expected, Appleton and Hall havlng reported values of 
J of ca. 60Hz for square planar platinum(II) diamine- type complexes. Pt-NH 
All the NH2 protons of the title compounds have been found to 
be equivalent in the nmr experiment, such equivalence being suggestive 
of S,S or N,N chelation. Additionally, the NH2 protons of 
(Ni(SacSac)2 1 82 
\) (em - 1) (log e: ) 
14,890 (2.52) 
18,120 (3.45) 
25,510 (3.62) 
29,670 (4.33) 
35,460 (4.59) 
36,500 (4.66) 
41,150 (5.23) 
I I 
Table 2-7. Electronic spectra of Ni(II), Pd(II), and Pt(II) complexes 
of NH 2SacNH 2Sac and of related ligands. 
(Ni(OEtSacSac )2 1 121 (Ni(NH 2SacNH2Sac) 21 a (Pd (NH 2SacNH2Sac) 21 a (Pt(NH2SacNH2Sae)21 a 
\)(em- 1 ) (log e:) \) (cm - 1 ) ( log e:) \) (cm- 1 ) (log e:) \) (em - 1 ) (log e:) 
14,700 (2.00) 15,620 (1. 53) 
17,500 (2.59) 18,690 (1.89) 
20 ,600 (3.66) 24,100(sh) (3.54) 21,280 (2.97) 25,250 (3.84) 
25,000 (3.68) 25,770(sh) (3.89) 27,470 (3.51) 29,760 (4.28) 
29,300 (4.40) 31,250 (4.56) 33,080 (4.07) 32,470 (4.47) 
36,600 (4.90) 36,100 (4.73) not observed 36 , 630 (4.34 ) 
42,000 (4.49) 38,760 (4.52) not observed no t observed 
a in DMSO solution . 
17 
[Ni(NH2SacNH2SacH)2]C12 have been found to be equivalent in d 6-DMSO, 
although occurring at lower field than in Ni (NH 2SacNH 2Sac)2 (Table 2- 2) . 
Should the co-ordination in the chelated cation be S,N (as suggested by 
t 7 104 Peyronel e a~ . on the basis of infra-red peak splittings), then the 
equivalence of the amide protons would have to be ascribed to rapid 
e xchange between the non-equivalent sites . 
I\ccordingly, the flmr sp'ctrum of [N i (NII 7 SacNII/ Sdcll) / I C ]/ W<.I :; 
ceconJeu ill d 7 -IJMF ovec the temperature range - 80°C • +35 °C . 1\ 1 though 
the spectra are extremely complex (possibly due to axial interaction of 
solvent with the compound leading to paramagnetism and its concomitant 
complexity) they are not consistent with a proton exchange mechanism. 
The co-ordination in [Ni(NH2SacNH2SacH)2]C12 would thus appear to 
involve either N,N or S,S symmetrical chelation. 
(iii) Infra-red Spectra 
Table 2-1 incorporates the infra-red spectral details of the 
present compounds . As a consequence of the four potential donor atoms 
of dithiomalonamide, there arises the possibility of S,S; N,N; or S,N 
chelation (although nmr spectra (vide supra ) indicate that the latter 1S 
unlikely). The gross similarity of t~e spectra of the three compounds 
suggests that the ligands have the same bonding mode in all compounds. 
In assigning the mode of chelation, the infra-red bands potentially of 
most value are those associated with metal-donor atom, C-S, C-N and NH2 
bond vibrations. 
Absorptions in the vicinity of 300 - 400 em-I in these compounds 
may reasonably be assigned to the metal-donor atom stretching mode. 
. .' 77 However, the possibil1ty that these may be r1ng deformat10n modes 
cannot be ignored. Although absorptions due to M-N bond stretching 
modes, V(M-N), seem to occur at higher frequency than do those due to 
M-S bond stretching modes, V(M-S), in analogous compounds, literature 
121-128 
values of V(M-N) and V (M-S) show that these two regions overlap. 
126 Thus, Adams remarks that V(M-S) bands of chelate ligands fall in the 
- 1 128 ab (.) f . f range 440 - 330 cm ,and Nakamoto t ulates V N1-S requenc1es 0 
square planar nickel (II) bis-chelates in the range 470 - 330 em-I. 
Omura,129 in a series of metal-ethylene diamine complexes locates V(M-N) 
125 between 580 and 470 cm- I • Adams places V(M-N) in metal amines 
~. --
Species 
NH 2SacNH2SacH 
Dithiobiuret 
Table 2-8. Polarographic data. a 
b 
'" +0.32 
-1. 900 
+0.448 
-1.95 
50 
55 
Gradient of 
109{id;i} VB. E 
plot 
e 59 
52 
[Ni(NH2SaCNH2Sac)2) - +0.6 
-1.247 
- 28 
63 65 
a 
b 
e 
d 
-1.430 
-1. 760 
+0.6 
-1.482 
-1. 7 
+0.640 
-1. 725 
-1.980 
46 
60 
85 
63 
85 
80 
42 
75 
o 
acetone as solvent, potentials VB. Ag/AgCl. 
extrapolated to infinite dilution. 
at 2.5 and 3.9 x 10-3M• 
n 
n 
ld 
1 
I )00 d r:OO - J d 1 2 7 . . )t~ Lwe(, 1I _ Cln J em , a n Lcver at trlbutes ilbsorpLions betwc(;lI 
230 and 400 cm - I in the spectra of [M (diamine ) 2 X2) (M = Co (II), Ni (II) ) 
to V (M-N), but finds the position of this band to be dependent upon the 
nickel spin state in Ni (N,N-diethyl ethyl enediamine) 2X2 (X = Cl, Br) , 
these complexes being described by Lever as being octahedral and square 
planar respectively. 
Accordingly, the position of the metal-donor atom bond 
stretching mode absorption cannot be used a priori for assigning the 
mode of co-ordination. Moreover, the coupling of the M-S bond 
stretching mode with other modes, as evidenced by normal co-ordinate 
1 44,83,87 . ana yses (In Co(SacSac)2' only 57% of the intensity o f the 
"V(M-S) band" is contributed by the absorption of the Co-S bond 
stretching mode), and the low intensities of these absorptions, militates 
further against their definitive use in this regard . 
The position of the V (C-S) band in the M(NH2SacNH2Sac)2 
complexes is difficult to establish. Jensen and Nielsen have assigned 
the dithiomalonamide C- S stretch to a band at 799 em-I. A shift of this 
band to lower frequencies on chelation would imply sulphur co-ordination. 
Normal co-ordinate analyses and empirical arguments place the 
v(C- S) band in the divalent, square planar SacSac complexes at 
approximately 700 em-I. Since the resonance structures VI and VII would 
be expected to make more significant contributions to the bonding in the 
respective ML2 complexes than would VIII in M(SacSac)2' it is probable 
that the positions of the V (C-S) bands (in em-I) will be in the order 
. . . 103 In accord wlth thlS postulate, Jensen and Nlelsen remark 
that S-methylation of dithiomalonamide shifts the V(C-S) peak "possibly 
as low as 684 em-I", and Hendrickson2 assigns a band at 639 cm- I to 
V (C-S) in the M (OEtSacSac) 2 (M = Ni, Pd, Pt) complexes. Peyronel et 
l 104 d at 649 em- 1 . th trum of a. assign a strong ban ln e spec 
~i(NH2SacNH2Sac)2 to the V(C- S) absorption. Such an assignment is 
consistent with the foregoing remarks; however, it should be noted that 
the V (C-S) absorptions of M (SacSac) 2 (M = Co, Ni) and the V (C- Se) band in 
Ni(Seacseac)2 are weak. The C- S band lengths in Ni(NH 2SacNH2Sac)2' 
Zn(OEtSacSac)2 and Ni(SacSac)2 are consistent with the above ordering of 
2·7 4·0 3 · 2 5-4 8·9 6 · 6 
c}+ 
N H2 NH2 NH2 NH2 NH2 ,-,. 
( ,. 
I ~ I I I 
I I 
I /C}-s s s 
~ 
s-s 
Pi~ure 2-6 . Variatiun in pmr absorption positions with amount o~ 
PO,;iL.l.v<, charge . <5 values from Table 2 - 2 . 
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V(C-S) stretching frequencies (Table 2-4), and thus, the V(C-S) band in 
Ni(NH 2SacNH 2Sac)2 would be expected to be located at V Z 639 cm-
i
• (In 
the absence of structural data for planar Ni(OEtSacSac)2' that of 
tetrahedral Zn(OEtSacSac)2 has been included in Table 2-4. The effect 
of changing the chelated metal can be gauged by comparing the c-o bond 
lengths of planar Ni(ButacButac)2 and tetrahedral Zn(But acBut ac)2.) 
Assignment of V(C-S) is further complicated by the strong 
coupling between vibrational modes which occurs in such systems (for 
example, in Co (SacSac)2' the 700 cm- i band is calculated to contain 57% 
symmetric C-S stretch). Heath and Martin36 caution that 
" •• 0 each infrared absorption may involve a substantial 
mixing of the normal vibrational modes and simple 
"assignments" should be assessed realistically. " 
Therefore, in view of the relative complexity of the spectra 
in this region, the strong coupling between modes, and the uncertainty 
as to its position, the V (C-S) vibration cannot be used to diagnose the 
mode of co-ordination. The implicit argument of Peyronel et al. seems 
to be that the 649 cm- i band is the V(C-S) band because it is lower than 
V(C-S) in the free ligand; co-ordination via sulphur would be expected 
to lower V(C-S) relative to the ligand; therefore the complexes are 
sulphur co-ordinated. 
Jensen and Nielsen l03 found that co-ordination via sulphur 
raises the frequency of the N-H bond bending mode absorption, although 
they quote exceptions to this generalisation, one of which is 
[Co(NH2SacNH2SacH)2]C1 2 , which they assumed to be sulphur chelated. A 
similar drop in the frequency of this absorption relative to 
dithiomalonamide was observed in the present compounds. However, the 
behaviour of this band is not altogether straightforward, as, in nickel 
dithiooxamide complexes,131 where sulphur and nitrogen co-ordination 
occurs, the frequency of this absorption is consistently raised above 
the free ligand value. 
An increase in the frequency of the absorption corresponding 
to the C-N bond stretching mode, V(C-N), in the complexes relative to 
. 103 
that in dithiomalonamide would be consistent with sulphur chelat~on. 
Such an increase is observed, but the V(C-N) band of dithiomalonamide 
has been shownl03 to involve oth~r coupled vibrations, although it is 
20 
regarded as predominantly V(C-N). Again interpretations based on the 
position of this band should be made cautiously and in conjunction with 
other evidence . 
The bands of most importance in ascertaining the identities of 
the donor atoms are those associated with V(N-H), the N-H bond 
stretching mode frequency (- 3300 cm- i ). Normal co-ordinate analyses on 
ligands containing a thioamide functional group have shown these 
vibrations to be substantially, if not completely pure (Table 2-5). 
Several examples of ligands with nitrogen and sulphur as potential 
donors have been studied, and V(N-H) positions have been used to 
abl o h h d f dO ° 134-137 est lS t e mo e 0 co-or lnatlon. Co-ordination of -NH 2 
groups to a metal ion has been shown to result in a shift of the N-H 
bo d h
o ab ° f ° 134,138,139 
n stretc lng mode sorptlons to lower requencles 
(Table 2-6). In the title compounds, the N-H bond stretching mode 
absorptions are at a slightly higher frequency than in dithiomalonamide, 
thereby implying sulphur co- ordination. 
Therefore, the compounds are believed to involve sulphur-
chelated ligands, such an assignment being based primarily on the 
frequency of the N-H bond stretching mode absorption, and supported by 
the shift in V (C-N) relative to dithiomalonamide. 
(iv) Electronic Spectra 
The electronic spectra of Ni(NH2SacNH2Sac)2 in dimethyl 
sulphoxide, in pyridine and in the solid accords well with the values 
104 given by Peyronel. Table 2-7 incorporates the electronic spectra of 
the present compounds. Their similarity to each "other and to related 
compounds is apparent. As in the palladium and platinum compounds of 
OEtSacSac, low- energy bands corresponding to the d-d transitions of NiL2 
(L = SacSac, OEtSacSac, NH2 SacNH2 Sac) are not differentiated readily from 
the tail of the adjacent charge transfer bands in the palladium and 
platinum complexes of NH 2SacNH2Sac . 
The syntheses and electronic spectra in methylcellusolve of 
the complexes Pd (NHRSacNHRSac) 2 (R = H, Me, Ph) have been reported very 
recently. 141,142 A close correspondence exists between these spectra 
and that of Pd(NH2SacNH2Sac)2 reported in the present work . Pellacani 
Figure 2-7. Cont.ent~ of Ni(J H2 SacNH 2 Sac) , . 2DMF unil cell. lJotted 
lines show hydroqen bond!;. 
t "/ . -1 2 2 e a&. ass~gn a band at approximately 20,000 cm to a x -y -+ xy in-
plane transition, and so place these ligands in the spectrochemical 
series of sulphur-donor ligands for planar palladium(II) complexes as 
follows: 
mnt < SacSac < NHPhSacNHPhSac < NH2SacNH2Sac 
< NHMeSacNHMeSac < Et2PS 2 < Et2dtc < dithiooxalate 
comparison with the ordering they obtain for planar nickel(II) 
143 
complexes: 
NHMeSacNHMeSac < Etxan < Et2dtc 
< 2,3-dimercaptopropanol < dithiomalonate 
< dithiooxalate 
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shows the influence of substituents on the nitrogen atoms in the 
dithiomalonamide-derived ligands to be more marked in the palladium(II) 
than in the nickel (II) complexes. 
(v) Electrochemistry 
Electrochemical studies have been performed on the complexes 
in acetone at a dme and at a platinum electrOde (Table 2-8). The 
compounds undergo both cathodic and anodic behaviour at the dme. 
Although, in accord with the predictions of substituent 
effects (Fig. 2- 2, note that a NH2 = -0. 16) that the reduction waves 
m-x 
of the present compounds lie at far more negative potentials than those 
of the corresponding dithioacetylacetonates, the cathodic behaviour 
remains similar to that of the dithioacetylacetonates, where the formal 
electron transfer steps 
M(II) ~ M(l) ~ M(O) 
144 
were observed. 
lk 
[M(l)]' ~ MeO)' 
!' igure 2-8. Molecular structure and atomic labelling of 
Ni(NIl 2SLlcNH2 Sac)? unit in Ni(NH2sacNH2Sac)7. . 2DMF . 
_'__ If --"'" H 11 
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Similarly, three reduction waves were observed for 
Ni(NH 2SacNH2Sac)2' the first (most positive) of which was shown to b e a 
one-electron process by coulometry at a mercury pool. Analyses of the 
usual type showed this first reduction to be diffusion controlled and 
reversible. 
The second reduction wave (at Ell 2 = -1.430V) is v e ry much 
smaller than e ithe r of the other r e duction waves, a nd its hcight is 
u( ' I)( 'ndC' IlL o n dropti m(' - t h(! W<J v c disappcaring undcr r aIJicJ [Jolarogr.Jphi(; 
conditions . 
Under normal polarographic conditions, the third wave was 
shown to approach reversible behaviour, although analysis of this wave 
was complicated by the poor resolution of its current-voltage plateau, a 
consequence of the proximity of the cathodic limit of the solvent. The 
height of this third wave equalled that of the first wave under rapid 
polarographic conditions, whilst under normal conditions, the combined 
heights of the second and third waves nearly equalled that of the first 
wave. 
Such behaviour is consistent with the above reduction 
mechanism, with the rate constant, k, for the rearrangeme nt of the first 
reduction product being smaller in the present case than for 
Ni{SacSac) 2 ' 
Ac polarographic studies on Ni{NH2~aCNH2Sac)2 confirm a 
complication of the reduction pathway, as a plot of the peak current of 
the ac wave corresponding to the first reduction, against the square 
root of the ac frequency (lO < f < 1000Hz) is non-linear. 
The palladium and platinum complexes are reduced at potentials 
approaching the cathodic limit of the solvent, and are therefore not as 
readily analysed. Further, the reduction waves of these compounds are 
more complicated and the desired comparison with the corres~nding 
dithioacetylacetonates is thus not possible. 
Interestingly, although dithiomalonamide and dithiobiuret have 
similar redox potentials at the dme, reductions of bis{dithiobiureto)-
nickel{II) occur at more positive potentials than those of 
Ni{NH2SacNH2Sac)2 (for bis{dithiobiureto)nickel{II), a small prewave at 
El 12 '" -0.96 V, followed by two nearly ove rlapping wave s of approximately 
Table 2-9. Nj (NH2SacNH2Sac)2.2DMF interatomic distances (.K.) • 
Ni(NH2 SacNH2 Sac)2 
Ni-S (1) 2.161(1) S(l)-C(l) 1.724(2) 
Ni-S(2) 2.186(1) S(2)-C(2) 1. 734 (2) 
C (1) -C (3) 1.384(3) C(l)-N(l) 1.339(3) 
C (2) -C (3) 1. 388 (3) C(2)-N(2) 1.338(3) 
DMF 
C (11)-0 1.225(3) C ( 11) -N ( 11) 1.314(3) 
N (11) -C (12) 1.459 (4) N ( 11) -C (13 ) 1.443(4) 
Table 2-10. Ni{NH2SacNH2Sac)2 .2DMF interatomic angles. 
S(2)NiS(1) 96.88(2) 
NiS(2)C(2) 115.77(7) S(2)C(2)C(3) 128.6(2) 
NiS(l)C(l) 115.47(8) S(1)C(1)C(:,3) 128.2(2) 
S(2)C(2)N(2) 112.5(2) N(2)C(2)C(3) 118.9(2) 
S(1)C(l)N(1) 113.3(2) N(1)C(1)C(3) 118.5(2) 
C(2)C(3)C(1) 128.2(2) 
23 
equal height with El/2 "' -1.08 V and -1.17 V were observed . A further 
reduction occurs at E1I2 '" -1. 91 V vs . Ag/AgCl). Even so, the 
electrochemiCCil behaviour of bis(dithiobiureto)nickel(II) is 
qualitatively the same as that of Ni(SacSac)2 and of Ni(NH 2SacNH 2Sac} 2 . 
It might be anticipated that protonation of the a mine 
function(s} of Ni(NII 2Sac NH 2Sac )2 should shift the re9uction waves 
anodically, due to the differing effects of -NH 2 and -NH 3 + (for NH 2 , 
a = -0 . 16, whilst for NH3 +, a = +0 . 63, values from reference 14S) 
m- x m- x 
upon the chelate ring. Accordingly, the titration of Ni(NH 2SacNH 2Sac} 2 
and HBF~ was followed polarographically. 
A decrease in the height of the Ni(NH 2SacNH 2Sac)2 reduction 
waves and the concomitant growth of an oxidation wave indicate that the 
metathetic reaction 
occurs rather than protonation of the amine function of the intact 
complex. Confirmation of NH 2SacNH 2SacH as a reaction product was 
effected by performing the experiment in the presence of NH2SacNH 2SacH 
and observing a growth and cathodic shift of the NH 2SacNH2SacH 
oxidation wave. 
All compounds exhibit an oxidation wave near +0.6V 
(bis(dithiobiureto)nickel(II) also exhibits an oxidation wave, the 
potential of which is slightly more anodic). The proximity of these 
waves to the anodic limit of mercury prevents detailed analyses of such 
waves· at the dme . However, cyclic voltammetric studies reveal that the 
oxidation process is complex and non- reversible at a platinum electrode 
(even at very rapid scan rates). The shapes of the cyclic voltammagrams 
seem to indicate coupling of the electron transfer step to one or more 
chemical reactions, and the non- reversibility of the oxidation process 
may be attributable to these reactions, rather than to the e lectron 
transfer step itself. Although oxidation of a ligand to the 
3,S-diamino-l,2-dithiolium cation would explain the lack of 
reversibility, no evidence of this species is found on the cathodic 
sweep. 
Further, the near equality of the dc pulse voltamme tric 
oxidation and reduction wave heights of Ni(NH 2 SacNH 2Sac)2 at a platinum 
, 
\ 
\ 
---S----VOl-
Ni 
\ 
----S---, 
\ 
\ 
\ 
!' igure 2- 9 . Schcll1(ltic illustrations of " s t c pping" .lnglc a , in 
Ni(Nh2SacNH2Sac ) 2 ·2DMF. 
Table 2-11. "stepping" angles in Ni(NH2Sac~2Sac)2.2DMF 
and related compounds (dtbH = dithiobiuret) • 
Compound Stepping Angle Reference 
Ni(NH2SacNH2Sac)2·2DMF 23.5 80, present work 
Ni(SacSac)2 8.6 77,78 
Ni (dtb) 2 11 105,149 
Ni(dtb)2·g1ycol 31 150 
Ni(dtbH)2(CIO~)2·EtOH 21 151 
Pd (dtb) 2 38 149 
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e l ectrod e suggests that both may be associa ted with t he t rans f er of on . 
ele ctron . Formation of the 3, 5-diamino-l,2-dithiol i um cat ion wo u ld 
require the transfer of two electrons per M(NH 2SacNH 2 Sa c 2 un i t; i . e . 
Thus it seems more likely that the v o ltamme tric o x idation may 
involve the formation of a Ni(III) species, followe d by d issociation t o 
a Ni(IV) s pecies, as has been observed for the oxidat i on o f 
bis(dithiocarbamato) complexes of the divalent nickel. l46 ,l47,l48 
(vi) X-ray Crystallography 
Proof of the S,S mode of chelation in these compounds has b ee n 
obtained by x-ray crystallography on Ni(NH2SacNH2Sac)2.2DMF. This study 
showed the compound to consist of neutral, monomeric Ni(NH2SacNH 2Sac)2 
molecules linked via hydrogen-bonding to occluded dimethyl formamide 
molecules, the solvent hydrogen-bonding at the amine protons (Fig. 2- 7). 
The co-ordination of the nickel atom is approximately square planar . 
There are no axial interactions with the nickel atom, the nearest atom 
in t h e axial direction being a solvent carboxylic proton 3 . 24 A distant 
The shortest intermolecular contact in Ni(SacSac)2 is the 3.68 A 
separation between the nickel atoms and methine carbon atoms on adjacent 
78 
molecules. In the present compound, the nickel atom is situated at a 
centre of symmetry, requiring the two ligands to be equivalent and the 
nickel and four sulphur atoms to be coplanar . Figure 2- 8 illustrates 
the molecular structure and atomic labelling of Ni(NH2SacNH2Sac)2 · 2DMF. 
Interatomic distances and angles are collected in Tables 2-9 and 2- 10. 
The most unusual feature of the structure is that the molecule 
adopts a "stepped" configuration, with the normals to the mean ligand 
plane and the NiS 4 plane subtending an angle, (l (Fig. 2- 9), of 23.5°. 
This may be compared with the corresponding value of 8.6° in Ni(SacSac)2' 
in which the "stepping" or "hinging" is not as pronounced, and with the 
"stepping" in complexes of dithiobiuret and of the dithiobiureto anion 
(Table 2-11). Perhaps significantly, the dihedral angle (l is greater in 
the Ni(dtb)2 molecule when glycol is occluded in the crystal. No 
definite conclusions can be drawn from this however, since solvent 
I I 
Table 2-12. selected bond distances (dtbH = dithiobiuret, 
n-Bu
2
dtc = N,N-di (n-buty1) dithiocarbamate, pyrrdtc = pyrro1idy1dithiocarbamate) • 
Compound 
Ni(NH2sacNH2Sac)2·2DMF 
. 72 78 
N1 (SacSac) 2 ' 
Ni(dtb)2 105 
Ni (dtb) 2 .glyco1 150 
C-s (1\) 
1.724(2) 
1. 734 (2) 
1. 685 (3) 
1. 720 (8) 
1. 728 (8) 
1. 723 
1. 739 
Ni(dtbH)2 (C10 .. )2.EtOH 151 1.65(2) 1.66(2) 
[Ni (n-B\l2ntc) 21 Br 152 
. . 153 
d1thiob1uret 
co(saCSac)2 72 ,78 
154 
Fe(pyrrdtc)3 C104 
1.63(2) 1.64(2) 
1.708(5) 
1.673(3) 
1.716(13) 
C-C (it) 
1.384(3) 
1. 388 (3) 
1.381(4) 
1.376(15) 
C-NH2 (it) 
1.339(3) 
1. 388 (3) 
1. 32 
1. 34 
1. 33 
1.38(2) 1.37(2) 
1.39(2) 1.33(2) 
1.331(4) 
1. 309 (4) 
C-N (~) 
1. 32 
1. 34 
1. 33 
1. 34 
1.39(2) 1.37(2) 
1.35(2) 1.40(2) 
1.318(8) 
1. 386 (4) 
1. 367 (4) 
1. 32 (2) 
Ni-S (~) 
ave. 
2.174 
2.156 
2.166 
2.171 
2.162 
2.261(1) 
~~~~~~~~--~~~~~----~, 
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interaction is different in Ni(NH 2SacNH2Sac )2.2DMF and Ni(dtb ) 2 . (glycol), 
and since a is even greater for Pt(dtb) 2 . A consequence of the 
" stepping " is that the nickel atom of Ni(NH2 SacNH2Sac) 2 . 2DMF is 
displaced by 0.57 ~ from the mean ligund plane (c f., 0 .2 1 ~ in 
Ni(SacSac ) 2 )· 
Tables 2-1 2 and 2-13 compa r e the interatomic distances of 
Ni(NH2SacNH 2Sac)2 . 2DMF with those of related compounds . By contrus t 
with the equivalent C-S bond l e ngths in e a c h of the divalent cobalt and 
nickel dithioacetylace tonates, there are small but significant 
differences in the C-S bond lengths of Ni(NH2SacNH2Sac)2 .2DMF, both of 
these bonds being longer than those of Ni(SacSac)2. A similar 
inequality in C-S bond lengths is observed in those of the nickel 
dithiobiureto complexes, these bonds being of similar length to those of 
Ni(NH2SacNH2Sac)2 · 2DMF . 
The ligand C-C bond lengths of Ni (NH 2SacNH2Sac) 2 . 2DMF are not 
significantly different either from each o t her or from the backbone C- C 
bond l e ngths of Ni(SacSac)2 and Co (SacSac) 2 . Similarly, the backbone 
C-N bond lengths of the nickel dithiobiureto compounds are equal. All 
of these backbone bonds are of an orde r intermediate between double and 
Single bonds, but have slightly more double than single bond character 
(ct. Table 2-14) . 
No significant difference exists between the C-NH2 bond 
lengths of Ni(NH2SacNH2Sac)2.2DMF and the C-NH2 and C-N bond lengths of 
the nickel dithiobiureto compounds. These bonds, although of an order 
intermediate between double and single, possess a substantial amount of 
double bond character. Their lengths compare favourably with the C-N 
bond lengths in iron(IV) and nickel(IV) dithiocarbamates , where the 
limiting resonance form IX is expected 
Table 2-13. Selected interatomic distances (dtbH = dithiobiuret) . 
Compound NH2 •.• S 
S ••• S S ... S Reference 
intraligand interligand 
Ni(NH2SacNH2Sac)2·2DMF 2.65 (3) 3.253(1) 2.884(1) 
2.63(3) 
Ni(SacSac)2 3.235(2) 2.852(2) 72,78 
Ni(dtb)2 3 . 220(6) 2 . 895(6) 105 
Ni(dtb)2·g1ycol 2.78(7) 3.200(3) 2 . 933(3) 150 
2.69 (7) 
Ni(dtbH)2(Cl04)2·EtOH 2.83 2 . 66 3 . 235(5) 2 . 873(6) 151 
2.61 2.64 3.215(5) 2.889(6) 
dithiobiuret 2.77(4) 153 
2.46(4) 
Co(SacSac)2 3.242(6) 2.874(6) 72,78 
IX 
to make an important contribution to the bonding . 
The ligand bond distances, then, indicate that the resonance 
structure for the ligand VI in 
s s 
VI 
Ni(NH2SacNHZSac)2.2DMF makes a significant contribution to the bonding 
in this compound. This finding substantiates the arguments above 
regarding the Pt-H nmr coupling constants and the frequency' of the C-S 
bond stretching mode infra-red absorption, and challenges the assignment 
104 
of Peyronel. 
It should, however, be noted that the chelate ring and the 
amine substituents are not completely co-planar, the C-N bonds and the 
mean ligand plane subtending angles of 2.9 0 and 6.0 0 (Fig. 2-10). These 
angles can be attributed to intermolecular hydrogen-bonding interactions. 
Hydrogen-bond interactions in Ni(NH2SacNH2Sac)2.2DMF would appear to be 
significant in the crystal and molecular structure. In both the 
intraligand N-H •• , S and intermolecular N-H ••• DMF interactions the 
a 
b 
Table 2-14. Bond lengths for various C - X 
bond orders. Values from reference 155. 
Carbon-Carbon 
Single Bond 
Paraffinic 
In Diamond 
Double Bond 
Carbon-Nitrogen 
Single Bond 
Paraffinic 
Shortened (partial double bond) 
in N - C = 0, e . g., HCO. NH2 
Double Bond a 
Carbon-Sulphur 
Single Bond 
Paraffinic, e .g., CH 3 .SH 
Double Bond 
Calculated value b 
_.541 ± 3 
1.54452 ± 14 
1. 337 ± 6 
~.472 ± 5 
1.322 ± 3 
1.252(7) 
1.81(5) ± 1 
1.61 
G.B. Robertson, and P.o. Whimp, Aust. J. Chern., 28, 729 (1975). 
B.F. Hoskins unpublished results. 
interatomic d is tances a r e s horter than the r e spect i ve s ums o f the van 
d e r Waa l s r adii. l56 
The pre s e n ce of an inve r s ion c e n t r e at the n icke l u tom 
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requires the NiS~ plane to be perfectly planar. One Ni - S bond is 
longer than the other, this slight inequivalence also be ing evident i n 
the nickel dithiobiureto complexes. The average Ni-S bond lengths i n 
Ni(NH2SacNH2Sac)2.2DMF and the nickel dithiobiureto complexes are 
approximately the same, but are all greater than those o f Ni(SacSac) 2 ' 
In all of these compounds, the intraligand S-Ni-S angle s and the 
dimensions of the S~ rectangles are very similar . Sl i ghtly greate r 
non-bonded S ••• S distances in Ni(NH 2SacNH 2Sac)2.2DMF by comp arison 
with those of Ni(SacSac)2 may be interprete d in terms of higher charge 
d e nsi t y on the sulphur atoms of the forme r compound as a consequence of 
the importance of the resonance structure (VI ), t hereby creating 
s l ight l y great er S ••. S s eparations . 
The interligand S ••• S distances are significantly less than 
twice the van der Waals radius of sulphur (2 x 1. 76 = 3 . 52 ~). Distances 
such as these have previous l y been interpreted as indicating some 
1 h 78,105,157,158 interaction between the su p ur atoms. 
It might be expected that significant contributions of the 
resonance ' form VI to the bonding in Ni(NH2SacNH2Sac)2 02DMF would r esult 
in the Ni- S bond being shorter than that of Ni(SacSac)2' That this is 
not so is apparently a consequence of the near equality of the S ••• S 
interchelate distances and S-Ni-S angles in these compounds. 
Reference to Figure 2-11 shows that the angles in the 
respective ligand backbones are effectively the same for Ni(SacSac)2 and 
Ni(NH2SacNH2Sac)2 . 2DMF . The differences in angles between these 
compounds occur in the vicinity of the co-ordinating centre . The 
smaller C-S-Ni angle in the present compound can be attributed to the 
increased hinging. Similarly, the slightly smaller S-Ni-S intraligand 
angle is a consequence of the longer Ni-S bond in Ni(NH 2SacNH2Sac) 2 · 2DMF. 
Beckett and Hoskins have previously interpreted the deviations of the 
bond angles of the M(SacSac) 2 (M = Ni, Co) compounds from t heir expected 
values in terms of simple geometrical considerations . Similar arguments 
are expected to apply in the present case. 
.. +-
Ni 
j 
Figure 2-10 . Schematic illustration of deviations of Nll z groups from 
mean ligand planes in Ni(NH2 SacNHz Sac)z . 2DMF . Compound vi e wed end 
on. 
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Thus, the x-ray crystallographic study proves the square 
planar NiS 4 co-ordination in Ni(NH2SacNH2Sac)2.2DMF inferred above from 
other physical measurements, and validates interpretat ions of these 
physical measurements based on assumptions of probable ligand structure. 
(d) FURTHER SYNTHETIC STUDIES 
The presence of the NH2 substituents on dithiomalonamide makes 
possible two further extensions of dithio- B-diketonate chemistry. As 
noted earlier, the powerful electron- donating properties of these NH2 
groups can be anticipated to stabilise high oxidation state compounds. 
Thus, it might be expected that copper would form a monomeric copper(II) 
complex with dithiomalonamide, rather than an analogue of the trimeric 
copper (I) complex formed with o-ethylthioacetothioacetate. 2 If the 
stabilising influence of the NH2 groups is sufficient, an electron-
transfer series 
could perhaps be detected, at least electrochemically . 
Similarly, complexes of octahedral iron(IV), octahedral 
cobalt (IV) (and perhaps square planar cobalt (III) - vide infra) might be 
isolated by oxidation of Fe(III)L3 and Co(III)L3 • One additional 
advantage provided by this system is that th~re would be little 
ambiguity in assigning the metal oxidation state, since ligand 
oxidation would yield the easily detectable, essentially non-
co- ordinating 3,5- diamino- l,2- dithiolium cation. 
Unfortunately, however, reactions of the dithiomalonamidate 
anion with iron, cobalt, copper and zinc cations yielded very insoluble 
precipitates which could not be purified by the usual methods of 
recrystallisation (no reaction was observed with chromium) . In this 
regard, it is perhaps significant that the original report of 
102 
Ni(NH2SacNH 2Sac)2 was part of the quest for inorganic polymers. 
The second property of the NH2 substituents explored in the 
present work is the synthetic opportunities provided by these groupings. 
Thus, reaction of 3,5- diamino- l,2- dithiolium iodide with acetic 
,. 1 110 h 
anhydride yields the corresponding N,N - dlacety salts. T e 
118 ·9 
117-8 
"'C 128·6 
112·5 
113·8 /284 
s 
115·8 
118 ·/ 
c 
Ni 
118· 5 
117 ·8/ 
128·2 c/ 
113·3 
/28 ·4 113-8 
115·5 
118·/ s 
Figure 2-11. Comparison of interatomic angles in Ni (SacSac) 2 
(lower, italicised) and Ni(NH2SacNH2Sac)2.2DMF (upper, bold). 
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possibility therefore arises of reac ting the NH2 groups of 
Ni(NH 2SacNH 2Sac)2 to incorporate substituents with varying electron-
donating capabilities in the molecule. In this way compounds of 
otherwise unobtainable ligands might be synthesized. A number of such 
reactions were attempted and the results discussed below. 
(i) Reaction with Acid 
As noted above, polarographic studies indicated that addition 
of acid to Ni(NH 2SacNH2Sac)2 results in generation of NH2SacNH2SacH, 
rather than protonation of the NH2 groups . 
(ii) Acetylation 
Refluxing Ni(NH2SacNH2Sac)2 in acetic anhydride failed to 
acetylate the NH2 groups and yielded only Ni(NH2SacNH2Sac)2' 
(iii) Diazotisation 
A dithio-8-diketonate complex with eN substituents can be 
expected to provide the greatest stabilisation of low oxidation state 
compounds (0 CN=+O.68). Introduction of this substituent into the 
m 
chelate ring was attempted via diazotisation of Ni(NH 2SacNH2Sac)2' 
Whilst some reaction with sodium nitrite was evident, subsequent 
reaction with cyanide or iodide ions was unsuccessful. Although a 
significant substituent effect is anticipated with N2+ as a substituent 
+ 159 (0 N2 =+1.76 ), no attempt was made to isolate this potentially 
m 
highly explosive derivative. 
CHAPTER 3 
FURTHER DERIVATIVES OF DITHIOACETYLACETONE 
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Di th i oace tylace tona t cs a r c c ommonly prepared by t he ac t ion o[ 
hydroge n s ul phide on ac i d i fi e d a c etylace t o ne solut ions conta i ning the 
. . 1 
appropr1ate metal 10n. This procedure circumvents formation of the 
non-co- ordinating dimeric form of the ligand {I}, and leads to i solation 
of the monomeric complexes (II) . However, this method is appropriate to 
I II 
the syntheses of dithioacetylacetonato comp lexes of the Group VIII 
metals only. Extension of the range of dith~oacetylacetonato complexes 
therefore requires recourse to other synthetic routes. 
The 3,S-dimethyl-l,2-dithiolium cation and the dithioacetyl-
acetonate anion are related by a two- electron electron transfer. 
Reaction of the strongly reducing chromium(II} ion with 3,S-dimethyl-
l,2-dithiolium iodide results, then, in the synthesis of 
tris (dithioacetylacetonato}chromium(III}, Cr{SacSac}3. Significantly, 
Cr{SacSac}3 cannot be produced by admixture of chromium{III} and 
s olutions containing dithioacetylacetonate anions . The p r e s ent 
synthes i s is a pparent l y a r e sult of the int imate chromium-dithiolium 
contact necessitate d by the electron transfer. 
n 
Table 3-1. 
Maxima 
1465 
1360 
1327 
1305 
1150 
1005 
842 
738 
690 
555 
358 
-1 Infra-red bands (em ) and assignments. 
Assignment 
C-C stretch and C-H bend 
CH 3 deformation 
C-C stretch 
C-H in-plane bend 
C-CH3 stretch 
CH 3 rocking 
C-H out-of-~lane bend 
C-S stretch and C-CH 3 stretch 
C-S stretch 
C-CH 3 stretch and ring defonmation 
Cr-S stretch 
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(a) TRIS(DITHIOACETYLACETONATO)CHROMIUM(I I I), Cr(SacSac) 3 
Crystalline Cr(SacSac) 3 is a dark-green paramagnetic material 
which is indefinitely stable to air and mo i sture but decomposes at 
180 °C. It dissolves in various organic solvents to give intense wine -
r e d (transmitted light) s olutions whic h ma y decompose after standing for 
severi.ll days . Molec ul ar weight measurements indica te thilt the comIJl<:x 
i s monomeric in chloroform. 
The mass spectrum is characterise d by a strong molecular ion 
peak at role 445, corresponding to the monomeric molecular ion 
[Cr(SacSac)3]+' and by a peak at role 314 corresponding to [Cr(SacSac)2]+' 
As with other dithioacetylacetonato complexes, the most abundant ion in 
the spectrum has role 131, and is ascribed to the resonance-stabilised 
3,5-dimethyl-l,2-dithiolium cation [CsH7S2 ] +' derived by two-electron 
loss from the ligand . 
The infra-red spectrum (2000 - 300 em- l ) of Cr (SacSac) 3 
closely resembles those of other M(SacSac) 3 complexes (for example, 
Co(SacSac)3 whose spectrum is reproduced in ref. 52). Assignments based 
h 1 . 1 · 44,83 ( ) . on t e norma co-ord1nate ana . ys1s of Co SacSac 2 are g1ven in 
Table 3-1. The strong band at 1465 cm- l is characteristic of the 
tervalent dithioacetylacetonates and distinguishes them from their 
divalent analogues in which this band is raised to c . 1490 cm- l . 
Results of magnetic susceptibility measurements in the range 
77 - 292 K are summarised in Table 3-2. The effective magnetic moment is 
3.89 B.M. at room temperature and decreases steadily at lower 
tempera tures. A plot of l/X' M against temperature is linear, and the 
estimated value of the Weiss constant is 8 = 20 0 • Recalculation 
.z 
according to ~eff=2.83[X'M(T+8)]2 leads to a temperature-independent 
moment of 3 .99 B.M.; however, the physical significance of 8 is not 
clear. Similar Curie-Weiss magnetic behavi our is found in the 
M(SacSac)3 complexes of Fe, RU, and Os, and one possibility is that 
partial delocalisation of electron spin from t 2g metal orbitals into 
ligand orbitals allows weak intermolecular lattice antiferrOmagnetism.
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Mossbauer spectroscopic studies95 ,96 have established that the magnetic 
moment of Fe (SacSac)3 is due both to splitting of the sT ground state 2g 
as a result of the lower than octahedral symmetry of the complex, and to 
interaction between the ground state and excited states of suitable 
Table 3-2. Magnetic properties. 
T 106X' ~eff T 106X' ~eff M M 
(K) (em 3 mol-l) (B.M.) (K) (em 3 mol-l) (B.M.) 
292 6439 3.89 159 11025 3.76 
264 6946 3.85 142 12295 3 . 75 
244 7509 3.84 123 14035 3.74 
226 8084 3.84 103 16165 3 ~ 66 
203 8883 3.81 77 20655 3 . 66 
183 9717 3.78 
Diamagnetic correction for ligands 3 (85 x 10- 6) em 3 mol-l. 
~eff = 2.828 [X'MT]l/Z. 
symmetry. In the absence of dilution and crystallographic studies, it 
is not possible to determine to what extent any of these factors 
operates in Cr(SacSac)3. 
The magnetic moment found for Cr(SacSac)3 is typical of 
octahedral chromium(III) complexes. It may be compared with the spin-
t 160 
only value (3.87 B.M.) and with ~ ff for Cr(acac)3 (3.86 R.M.) and 
161 e 
Cr(dtb) 3 (3.90 B.M.), the latter being similar to a whole range of 
CrS!; comple xes . 
'rite esr s pectrum of Cr(SilCSc}(; ) j i n polyc: rystd lliIH! form ill 
room temperature is charac t e rised by a broad band centre d ~t . 
g = 1 . 97 ± 0.10. Similar broad absorption 1 i nes have been observed for 
162,163 
other CrS6 -type compounds. It was not possible to obtain 
satisfactory spectra in liquid or in frozen solutions. 
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Initial comparisons between the metal dithioacetylacetonato 
and 1,2-dithiolene complexes were made between the neutral compounds. 
However, it was subsequently indicated144 that since the dithioacetyl-
acetonato ligand represents the most reduced member of a hypothetical 
ligand electron-transfer series, such comparisons should be drawn 
between the neutral dithioacetylacetonato complexes, and 1,2-ditbiolene 
82 
complexes with the ligand in the form (III). Heath has remarked that 
III 
if any ambiguity of metal oxidation states is to be 
found in the dithioacetylacetonates, it seems likely to occur 
in the complexes of earlier transition metals, such as 
[Cr(SacSac)3]' where substantial TI-electron depletion of the 
ligands could occur. " 
In the light of the above, it is interesting to speculate on possible 
structures of Cr(SacSac)3. 
t Where acac- = acetylacetonate, dtb- = dithl.obenzoate. 
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Figu re 3- 1. E Jectron j c sjJ c trum o f Cr ( Sa cSac ) 3 " 
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Neutral Cr(S 2C2Ph 2)3 is i somorphous with t r igo nal pri smati c 
164 V(S2 C2Ph2)3. On t he basis of electrochemical and spectrosco p ic data , 
V(S C Ph) h 1 b 
. d . 1 ., 164 2 2 2 3 as a so een ass1gne a t r1gona pr1smat1c struc ture . 
However, V(mnt)3- 2 , with which Cr(mnt) 3- 2 i s isomorphous, does not adopt 
a trigonal prismatic geometry, but rather one described as a "trigonally 
. 157-3 d1storted octahedron." Cr(mnt)3 has been inferred to be more 
nearly octahedral than trigonal prismatic, 165 and its optical spectrum 
166 
has been interpreted as that of a high spin octahedral complex. The 
- 3 geometries of Cr(02C20 2)3 and Cr(acac)3 may be described as 
tah d 1 
167,168 
oc e ra • 
Thus, Cr(SacSac)3 may be expected to possess an octahedral 
CrS6 core, although in keeping with the above, and by comparison with 
Fe(SacSac)3' some distortion from an octahedral geometry would not be 
surprising. 
In acetone, Cr(SacSac)3 undergoes a reversible one-electron 
reduction at -0.493 V aga inst Ag/AgCl. At more ne gat ive potential 
(-1. 28 V against Ag/AgCl ) a non-re v e r s ible r e duction occ urs. These 
processes are discusse d in Chapter 7 . 
The reversibility of the first step is consistent with an 
electrode reaction in which molecular structure remains intact, i.e. 
A similar reversible one-electron reduction occurs at less negative 
potentials (e. 0 V against Ag/AgCl) for the t 5 complexes Fe (SacSac)3' 
169 2g 
Ru(SacSac) 3 ' and Os(SacSac)3· 
The electronic spectrum of Cr(SacSac)3 in the region 
10000 _ 45000 em-I reveals a series of intense bands (see Fig. 3-1) and 
has a marked resemblance to the spectra of the tris(dithioacetyl-
acetonates) of iron(III) and cobalt(III). The prinCipal spectral 
features of these three complexes are collected in Table 3-3. Their 
similarity suggests that the spectra are dominated by ligand-ligand and 
charge-transfer transitions and that the d-d transitions of the central 
ion are concealed. Electronic absorption b ands corresponding to bands 
1, 2, 3, and 4 are found l i kewi se in the 3dIO complex zn(SacSac)2 (vide 
infra) • 
Table 3-3 
A. Electronic spectra of M(SacSac) 3 complexes 
Band Cr(SacSac)3 Fe (SacSac)3 Co (SacSac)3 
1 42910(36100) not measured 42000(40000) 
2 34480(25000) 33000(41000) 33000(38000) 
3 28590 29000 (Ru, Os) 29000 
4 22620(6650) 22600(6000) 22000 
5 17500(2875) 18000(3500) 18500(3000), 17500 (3000) 
6 13150 13000 (790) 
7 10900 (710) 
In benzene (10000 - 30000 em- I ) and cyclohexane (30000 - 45000 em-I) 
(V in em-I, £ (~ em-I mol-I) in parenthesis, shoulders in itaLics). 
B. Electronic spectra of M (SacSac) 2 (M = Ni, Zn) complexes. 
Ni(SacSac)2 a 
41150 (169800) 
36500(45700) 
35460 (38900) 
29670(21400) 
25510(4200) 
18120(2800) 
14890(3200) 
Zn(SacSac)2 b 
43300(30200) 
35000(13100) 
31800 (4.700) 
29200(2800) 
22600 (19800) 
20600(8000) 
a From reference 82 . 
b In cyclohexane solution. 
The band /lecJr 11000 cm - I in the t
2g 
~ c:ompl e x!..! !>, whic:h j ;.. 
absent in the t 6 compl e xes, ha s been a s signed a s an unu s ually low-2g 
energy 1T -+ t charge-transfer transition . 36 This charge transfer 2g 
apparently moves to higher energy in Cr(SacSac)3 (t
2g
3 ), which is 
consistent with the more negative potential required for one-electron 
reduction of Cr(SacSac)3 compared with Fe (SacSac)3. Both these 
observations reflect the special stability assigned to half- fill e d and 
filled states of the ligand-field stabilised t electronic level . 
2g 
Iii 
The relatively positive E l/2 -value and the high degree of 
reversibility associated with the reduction of Cr(SacSac) 3 sugges t thcJ t 
the formally chromium(II) species, Cr(SacSac)3- might b e i so l a t ed. 
Accordingly, the electrochemical reduction of Cr(Sac:Sa c: ) 3 cJt a platinum 
e l e ctrode was monitore d spectrophotometrica lly over the region 
30000 - 14000 c m - 1 in a c etone/O . l M TEAP. An increase in inte n s i ty o f 
the absorption band 4 of Cr(SacSac)3 and the appearance of several new 
absorption bands is apparent from Figure 3- 2. These bands appear to be 
due to Cr(SacSac)3 , however, this formally chromium(II) complex has not 
yet been isolated. It is possible that Cr(SacSac)3- could undergo slow 
follow-up chemical reactions which would render the 
Cr(SacSac)3 -+ Cr(SacSac)3 reduction non-reversible on the coulometric 
time-scale. Cr(acac)3 is shown in Chapter 7 to undergo some chemical 
reaction which affects only the longer time - scale electrochemical 
expe riments. 
The obvious exten s i o n of the Cr(SacSac)3 synthe sis is 
appli c ation to other strongly reducing metals with readily accessibl e , 
e asily oxidised oxidation states. A seemingly suitable reductant is 
vanadium(II), which may be generated via a zinc/mercury amalgam in a 
manner analogous to chromium(II). Accordingly, the synthesis of 
V(SacSac)3 was attempted under a nitrogen atmosphere . Reaction appeared 
to proceed and a small amount of product was isolated. The presence o~ 
an infra- red absorption at 1490 rather than 1460 em- l indicated a bis-
rather than a tris-chelate (vide supra). Comparison with the infra-red 
spectrum of Zn(sacSac) 2 2 showed the produc t of the reduction of 
3,5-dimethyl-l,2-dithiolium iodide with vanadium(II) to be Zn(SacSac)2' 
Zn+ 2 ions coming from the Zn/Hg amalgam . An attempt to synthesise 
V(SacSac)3 using an e lectrolytically generated vanadium(II) solution was 
also unsuccessful. It would therefore appear that vanadium(II) is 
Q) 
(,) 
c 
o 
.D 
~ 
o 
In 
.D 
o 
Q) 
> 
.-
o 
Q) 
~ 
initial 
400 
final 
/ 
500 600 700 
wavelength (nm) 
Figur 3- 2 . Electronic spectrum uf Cr(SacSac)3 before (low r) and after 
(upper) coulomctry at -0.8 V. 
capable of reducing the 3,5-dimethyl-l,2-dithiolium cation, but that 
complexation of vanadium(III) does not occur. Isolation of V(SacSac)3 
may be possible at lower temperatures. 
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These observations indicate the possibility of producing 
solutions of the dithioacetylacetonate anion in which the only 
contaminants are vanadium(III) ions (or higher oxidation state vanadium 
species) and the dithiolium counter-anion. Physicochemical data on the 
dithioacetylacetonate anion can then, in theory, be collected. Such 
simply constituted solutions should also find convenient synthetic 
applications. 
(b) BIS(DITHIOACETYLACETONATO)ZINC(II), Zn(SacSac)2 
Reduction of the 3,5-dimethyl-l,2-dithiolium cation can also 
be effected by sodium borohydride as indicated earlier. This method 
leads to Zn(sacSaC)2. t Attempts to complete the dID triand were 
unsuccessful. Although its synthesis was indicated by the infra-red 
spectrum of the crude product, Cd(SacSac)2 decomposed during 
purification procedures. Attempts to prepare the compound in the 
absence of oxygen or at lower temperatures were of no avail. Unlike 
Fe(SacSac)3' which also decomposes in solution,36 Cd(SacSac)2 could not 
be synthesised in a pure form, and was also unstable in the solid state. 
A yellow precipitate was fleetingly observed when the borohydride 
170 
reduction method was extended to mercury(II) • . 
The relative stabilities of the d lD metal M(SacSac)2 compounds 
(Hg < Cd < Zn) therefore parallels that of the analogous M(OEtSacSac) 2 
compounds, although the latter are more stable than the former, and can 
all be isolated and characterised.
2
,3 
Table 3-3 includes the electronic spectrum of Zn(SacSac)2· 
Ligand to metal charge transfer excitations in Zn(SacSac)2 are precluded 
by the d lD configuration of zinc(II). Thus, the absorptions in 
Table 3-3 clearly support the assignments of Heath and Martin o 
t This work was performed in collaboration with Dr. A.R. Hendrickson. 
Other properties of Zn(SacSac)2 appear in reference 2. The following 
is the work of the present author, except where that of Dr. 
Hendrickson is acknowledged. 
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'The mass spectrum of Zn(SacSac)2 is quite similar to those of 
other M(SacSac) 2 complexes. Thus, a low intensity molecular ion is 
observed, with the most intense peak in the spectrum being at m/e 131, 
attributable to the 3,5-dimethyl-l,2-dithiolium ion. A ZnL+ peak is 
2 
observed in the mass spectrum of Zn(OEtSacSac) 2 ' but a corresponding 
peak cannot be established for Zn(SacSac)2 without high resolution data 
since a large peak at m/e 196 (which is also observed in the mass 
spectra of Cr(SacSac)3 and of CloH14S4) overlaps with the Zn-2S isotope 
pattern region (m/e for Zn G4 (SacSac)+ is 195). 
Prior to the present work, the unsubstituted 1,2-dithiolium 
+ cation C
3
H3 S2 was obtained either as its perchlorate, or as its iodide 
salt. Both syntheses are quite involved, the former yielding an 
unsatisfactory counter-anion, and the latter requiring the initial step 
of boiling diethyl fumarate in sulphur! A more convenient synthesis has 
been developed in the course of this work. This method involves 
reaction of malondialdehyde tetraethylacetal with hydrogen sulphide in 
the presence of hydrogen chloride and iodine, which is somewhat 
OEt OEt H 
1 
OEt OEt 
analogous to the preparation of other substituted-l,2-dithiolium iodides 
68,72 by Martin and co-workers, and affords 1,2-dithiolium iodide in good 
yield; its synthesis being established by elemental analyses and 
comparisons with published properties. 
(d) BIS(1,3-DITHIOPROPANEDIALATO)NICKEL(II), Ni(HSacHSac)2 
The isolation of 1,2-dithiolium iodide combined with the known 
reducibility of substituted-l,2-dithiolium cations, raises the 
interesting possibility of synthesising M(HSacHSac}2 complexes (IV) . 
) 
's 
H 
IV n 
Such compounds, apart from being of intrinsic interest as the 
"parent" metal dithio-!3-diketonato complexes, are of fundamental 
importance for the comparative study of the M(SacSac} and related 
n 
compounds. They provide convenient reference points for the study of 
substituent effects, and also systems in which physical data 
uncomplicated by substituent behaviour may be obtained. Obvious 
examples of this latter application are in the mass, infra-red and pmr 
spectra. Whilst the corresponding monothio-analogue , Ni(HSacHac}2 (V) 
/",s) 
Ni~ 
'0---< 
"}--- H 
n 
V 
. 171 has been ls01ated, it has not been extensively studied. Cr(HacHac}3 
is also known. 
172 
Reduction of 1,2-dithiolium iodide by sodium borohydride in 
the presence of nickel chloride yields a black or dark green product 
tentatively identified as Ni(HSacHSac}2. Completely satisfactory 
Table 3-4. pmr absorptions of dithiolium salts (A) and related nickel 
bis(dithio-S-dike tonato) compounds (B) (O-values ppm vs. TMS as reference). 
Compound OR °H Solvent Reference 
R = Me A 3.12 8.21 Trif1uoroacetic acid 72 
B 2.31 7.06 CDC1 3 44 
R = NH 2 A 8.9 6.59 Acetone-d 6 this work 
B 7.11 5.59 DMSO-d 6 this work 
R=H A 10.57 8.88 Trif1uoroacetic acid 117 
B 3.46 1.52 CDC 1 3 this work 
R 
R /$)12 N·/ H I, 
S 'S 3 
R 
2 
A B 
2 
elemental analyses could not be obtained, possibly as a r esult of 
decomposition during recrystalli sa tion. This instability i s confirmed 
by a slow change in the pmr spectrum of the crude materi a l wiLh time. 
The compound appears more stable in the sol id state , since s ampl es 
prepared some time apart showed similar mass spectra. Beyer and 
h.. 171 . Sc one remark that N~(HSacHac)2 is stable for only a short time in 
air and is then converted to a presumably polymeric product, which is 
insoluble in the customary solvents. It would appear that somewhat 
similar behaviour is exhibited by Ni(HSacHSac)2 and that this mild 
sensitivity to air is responsible for the unsatisfactory analyses. 
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Mass spectrometric measurements clearly established the 
presence of some unreached 1,2-dithiolium iodide in the solid . Because 
of this impurity, no detailed analysis of the mass spectrum can be 
attempted here. Significantly, the mass spectrum of 1,2-dithiolium 
iodide shows no substantial peaks at mle> 103, other than those of S 
x 
(Chapter 4). Most importantly, however, a cluster of p e aks 
corresponding to a NiS 4 isotope pattern is observed around mle 264 , a 
value corresponding to Ni(HSacHSac)2+·. A cluster of peaks is also 
observed around mle 161, which would correspond to Ni(HSacHSac)+, 
although no definite assignment can be made because of interference from 
S5 (mle 160) peaks. 
The mass spectrum, then, is entirely consistent with the 
formulation of the product as monomeric Ni(HSacHSac)2· 
A pmr spectrum was obtained from a filtered solution of the 
crude material. The peaks observed are tabulated in Table 3-4, those of 
the 1,2-dithiolium cation, Ni(SacSac)2' and the 3,5-dimethyl-l,2-
dithiolium cation being provided for comparison. 
On the basis of integrated peak areas , the nrnr spectrum of 
"Ni(HSacHSac)2" is assigned as in Table 3-4. This assignment is at 
first surprising, inasmuch as the methine proton resonance absorptions 
in M(SacSac) compounds have always been observed at lower field than 
n 
the methyl resonance absorptions. However, the relative positions of 
the resonances of the protons ortho and meta to the sulphur atoms 
completely parallel the ordering of these absorptions in the 
1,2-dithiolium cation. This phenomenon is observed in other metal 
dithio-8-diketonato compounds (Table 3-4). Thus, the assignments of 
80 
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80 
1. 0 
1400 1000 
WAVENUMBER 
e 
I 
600 
Hy?yH H 
- , 
" + ' s-s 
Figure 3-3. Infra-re d spectrum of " Ni (HSacHSac ) 2 " (lower). The 
infra- red spec trum of 1,2-dithiolium iodide is included for 
comparison . Spectra of solid s amples s uspe nded in KBr discs . 
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Table 3-4 are in complete accord with the nmr behaviour of M(SacSac) z 
compounds with regard to the relative positions of the peaks . 
Unfortunately no splitting of the peaks which might f ur lh r substanliut(" 
their assignme nt could be resolved. 
Whilst the relative positions of the HI and Hz peaks in the 
Ni(HSacHSac) z pmr spectrum are readily explained, their absoZute 
positions are, however, surprising. Although no comparison can be made 
between the position of the peak due to HI and H3 resonances and the 
positions of peaks due to substituents on carbon atoms 1 and 3 in other 
metal dithio-8- diketonato complexes, Hz is by far the most shielded 
proton yet observed on carbon atom 2. Similarly, the shift in resonance 
positions of the protons of the 1,2-dithiolium cation upon reduction and 
complexation is far greater than the corresponding shift in the 
resonance positions of the 3,S-dimethyl-l,2-dithiolium cation protons . 
The infra-red spectrum of the crude material is displayed in 
Figure 3-3. Whilst no definite assignments are possible at this stage , 
the spectrum is not inconsistent with the formulation Ni(HSacHSac ) z ' 
The demonstration that the 3,S-dimethyl-l,2-dithiolium cation 
can be reduced by borohydride to give solutions of the dithioacetyl-
acetonate anion opens the way to incorporation of this method into other 
synthetic routes to complexes of dithiochelates. 
(e) BIS (1T -CYCLOPENTADIENYL) (DITHIOACETYLACETANATO) VANADIUM (IV) 
TETRAFLUOROBORATE, [cpzV(SacSac)] [BF 4 ] 
173-176 Casey and Thackeray have prepared an extensive series 
z 
of vanadium(IV) compounds of the type [cPzVL] (z = +1 for L = uninegative 
ligand, z = 0 for L = dinegative ligand) where L is a bidentate sulphur-
donor ligand. Combination of their synthetic method and the borohydride 
reduction of the 3,S-dimethyl-l,2-dithiolium cationt yields dar~ green 
crystals of [cpzV(SacSac)] [BF 4 ]. The electronic, infra-red and esr 
177 
spectra of thi s compound are typical of those reported for this 
series of compounds. 
t The synthetic work was performed in collaboration with Dr. J.R. 
Thackeray. 
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j".Lyure 3-4 . Ral ,id scan rate cyclic vol tammagrams o f [ Cj.J2 V( Sacsac )] +/O 
couple . Scan rate 5 V sec-I . A, mercury electrode (0 V to - 0 . 6 v); 
B, plcl tinurn electrode (+0 . 1 V to -0 . 7 V) . 
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[cP 2V (SacSac)] [BF .. ] is reduce d (E l/2 = -0. 368 V) ill <.l 
reversible one-electron process at both platinum and mercury electrodes 
(Table 3-5). Additional non-reversible reductions occur at more 
negative potentials . The reversibility of these non-reversible steps 
did not improve under very rapid scan rate cyclic voltamrne tric 
experiments and they were not characterised further. No oxidation 
processes were observed. 
Rapid scan rate cyclic voltammagrams at both platinum and 
mercury electrodes (Fig. 3- 4) establish that the rate of heterogeneous 
charge transfer k is extremely large (see Chapter 5 for a discussion of 
s 
the evaluation of kinetic parameters). A k value of 5 X lO- 2 crnsec- 1 
s 
can be calculated from the cyclic voltammag ram o f Figure 3- 4 , assuming a 
diffusion coefficient of 1 x 10- 5 crn2 sec - 1. The rapidity of this process 
is confirmed by a linear I VS. Wl/2 plot of the ac polarographic data. p 
In the presence of oxygen, the first reduction becomes quite 
non-reversible, only a very small peak being observed on the anodic 
cyclic voltammetric sweepo The non-reversible behaviour persists even 
with very rapid scan rate cyclic voltammetric sweeps . However, the 
reduction again becomes reversible if the oxygen is removed by 
degassing. 
Similar behaviour has been reported for other members of this 
class of compounds having various dithio-ligands, and the generalised 
E C E mechanism below has been established.l78-180 
z [cP2VL] + e ~ [cP2VL ] z-l -+ (E) 
z-l k f z-2 [cP2VL] -'" .. [cP 2 V]" + L ..-
kb 
(C) 
z-2 ° 
-'" mercury dithio chelates L + Hg ..-
-+-(E) 
The extent to which the various reactions proceed is dependent upon the 
particular dithio-chelate. 
In the present case, the electrochemical behaviour is 
consistent with the first reduction being assigned to the process 
[cP2V (SacSac)]o 
Table 3-5. Vol tammctric data f or cP2v(SacSil<.; )+/o 
couple at a platinum ele ctrode. 
-I 
V (V sec ) 
0.020 
0.100 
0.200 
1.36 
0.99 
0.97 
EI/2 = -0.368 V 
~E (mV) p 
65 
60 
63 
gradient of E/log{idi-
i
} plot from polarographic 
data = 61.6 mV (dme) 
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The cyclic voltammetric data indicate that the follow-up dissociation of 
the formally vanadium(III) species is at best very slow in the absence 
of oxygen. A first-order rate cons tant of 6.Sx 10- 2 sec- 1 can be 
calculated from the ratio of the cyclic voltammetric peak heights at 
20mVsec- 1 (this value is probably an overestimate and presupposes that 
the rate-determining step in the dissociation is first-order). The very 
small cyclic vo1tammetric anodic peak in the presence of oxygen, even at 
very rapid scan rates, indicates marked acceleration of the dissociation 
by oxygen. 
The reduction of [CP2V(OEtSacSac)]+ proceeds via the same 
mechanism. 179 Whereas this mechanism has been confirmed by free ligand 
addition experiments for many other dithiochelates,173,178,179,181,182 
such a test is unfortunately not possible in the present case. However, 
in view of the generality of the mechanism, it seems likely to pertain 
also for [cP2V(SacSac)] [BF 4 ]. 
179 Bond et ale report that esr studies indicate that the first 
reduction step is metal- rather than ligand-based, that is, that 
[cP2VL ]Z-1 contains vanadium(III) . In this regard, it is interesting to 
note that in [cP2V(mnt)], the ligand is assigned176 as being in the 
dithiolate form (VI) which would be expected to favour a metal-based 
eN eN eN eN 
s 
VI VII 
reduction (vide infra ), rather than the dithiodiketone form (VII) which 
would be expected to favour a ligand-based reduction. (Conversely, it 
+ is possible that a ligand-based oxidation to [cP2V(mnt)] might be 
observed at a platinum or a glassy carbon electrode.) 
In some cases where dissociation of [cP2VL]Z-1 does not occur, 
179 
reductions of [CP2VL]z with a sodium-mercury amalgam have been shown 
to result in stable vanadium(III) species in the absence of oxygen. 
Thus, the interesting possibility arises from the present work of 
synthesising a stable (in the absence of oxygen) vanadium(III)-dithio-
acetylacetonato derivative. 
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Perhaps the greatest obstacle to the extension of the range of 
M(SacSac) complexes is the unavailability of the free ligand. The n 
rather rjyuruus conditions necessary in those synthetic routes dcvclul)cd 
to date have restricted the number of dithioacctyloc<..: Lc)/JoU) compound s . 
Following the development of the borohydride reduction of the 
3,S-dimethyl-I,2-dithiolium cation, it became apparent that the dithio-
acetylacetonate anion was stable for a short time at 0 °c in the absence 
of a metal centre. Accordingly, the precipitation of this anion was 
attempted. 
(f) TETRAPHENYLARSONIUM DITHIOACETYLACETONATE, (Ph 4As)+(SacSac)-
Addition of tetraphenylarsonium chloride solution to a 
solution of dithioacetylacetonate anions resulted in the precipitation 
of red crystals presumed to be (Ph 4As)+(SacSac)-. These crystals are 
quite soluble and cannot be recrystallised. They decompose on standing 
and (save for a correct As:S ratio) a satisfactory analysis could not be 
obtained. If, however, the crystals are collected, dissolved in 
methanol and added to a methanolic zinc chloride solution, Zn(SacSac)2 
is precipitated. It seems very likely the~ that the formulation 
(Ph 4As)+(SacSac)- is correct. Irrespective of the precise formulation 
of the crystals, however, this method provides a convenient synthesis of 
dithioacetylacetonato complexes possessing obvious advantages over 
present methods. The instability of (Ph 4As) + (SacSac)- precluded 
detailed physicochemical studies. 
In an alternative attempt to precipitate the dithioacetyl-
acetonate anion, this time as a salt of the 3,S-dimethyl-l,2-dithiolium 
cation, a solution of these cations was added to a solution of dithio-
acetylacetonate anions. It was hoped that the anion would pe stabilised 
to a greater degree in such a species than is the case with the tetra-
phenylarsonium cation. White crystals which decompose slowly in air 
o c o A 
10 8 
c 
4 
BCD E 
,----, r-1 I 
(2) OJ (3) (31 131 
2 o 
Figure 3-5. Nmr spectrum and tentative structure of C1 oH 1 , ,5 11 • 6 values 
(ppm) vs. TMS as reference. 
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were precipitated from the above solution. Elemental analyses and a 
molecular weight determination (osmometry in chloroform) establish that 
the white crystals are monomeric CloH14S4' this formulation being 
substantiated by the mass spectrum (molecular ion at m/e 262). The 
substance is a non-electrolyte in acetone and in the light of these data, 
the simple ionic formulation (3,5-dimethyl-l,2-dithiolium) (dithioacetyl-
acetonate) was discarded. 
Comparison of the infra-red spectrum of the solid with those 
of the dimer(I) and the 3,5-dimethyl-l,2-dithiolium cation readily 
established that the compound was comprised of neither entity. A sharp 
absorption was observed at 2520 cm- 1 and is tenatively assigned as a S-H 
bond stretching absorption (a peak at 2340 cm- 1 in the OEtSacSacH 
infra-red spectrum being similarly assigned2 ). 
The nmr spectrum in degassed (the compound reacts rapidly 
in the presence of oxygen) CDC 1 3 is shown in Figure 3-5. On the basis 
of this spectrum, the compound is tentatively assigned the structure 
shown. 
Although the initial aim of this synthesis was not realised, 
the compound obtained provides a potentially new and interesting 
uninegative chelating ligand. Depending upon the mode of chelation, the 
possibilities arise of forming mixed metal ion complexes or of gauging 
the carbon-bonding capabilities of various metal ions in varying 
oxidation states. 
Although no mechanistic or kinetic data is available, it seems 
likely that formation of CloH14S2 proceeds via nucleophilic attack (to 
b ' bl 117) R ' f which dithiolium cations are known to e suscept~ e • eact~on 0 
NH 2 SacNH2 Sac- with the 3,S-diamino-l,2-dithiolium cation might on this 
basis be expected to yield an analogous derivative - the NH group 
acting as a powerful nucleophile. Such a reaction yielded white 
crystals which have yet to be characterised, but which, however, 
afforded a blue solution in DMF. 
It can be seen from the above that several new syntheses of 
dithioacetylacetonato compounds have been developed in this work, and a 
number of interesting dithioacetylacetone derivatives synthesised and 
characterised for the first time. The way is now open to convenient 
44 
extensions of the range of dithioacetylacetonato complexes and the study 
of other novel related species . 
SECTION B 
MASS SPECTROMETRY 
CHAPTER 4 
LIGAND DONOR ATOM EFFECTS 
IN MASS SPECTROMETRY 
Table 4- 1. Mass spectral peaks for dithioacetylacetonato complexes . 
(M = molecular ion, L = ligand) 
Compound Peaks Reference 
Cr(SacS~c)3 M (M- L) L Chap . 3 
Fe (SacSac)3 (M- L) L 36 
Ru(SacSac)3 no spectrum observed due to 36 thermal decomposition 
Os (SacSac)3 M (M- L) L 36 
Co (SacSac)3 (M-L) L 52 
Rh (SacSac) 3 M (M-L) L 52 
Ir(SacSac)3 M (M- L) L 52 
Co (SacSac) 2 M L 1 
Ni(SacSac)2 M L 1 
Pd(SacSac)2 M L 1 
Pt(SacSac) 2 M L 1 
Table 4- 2. Intensities of major ions in the mass spectra 
t t 
of Bu acSo acH t t and Bu SacSo acH. 
t t LH = So acBu acH t t LH = So SacBu acH 
'TIC , 'TIC , 
LH •• 4 10 7 30 
(LH-CMe3 ) • 41 100 24 100 
( (LH--cMe3 ) - H20] • 1 3 
[(LH-CMe 3) - H2S]· 4 18 
[ (LH-CMe3 ) -co]. 0.5 1 0 . 4 2 
CMe CO· 3 2 6 6 25 
[(LH--cMe3 -~0)-CO]· 2 4 
[(LH-CMe3-H2S)-CO]· 4 15 
C .. HsO + 0.5 1 0 . 3 1 
CMe + 3 10 25 20 83 
CH CO+ 3 16 38 2 7 
C3 HS 
+ 6 15 8 34 
C3 H3 
+ 2 4 2 9 
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The mass spectrometric behaviour of metal complexe s of 
Q d~l- t t h b t 0 1 dO d 183-187 ~- ~e ona es as een ex ens~ve y stu ~e • These spect ra o f t en 
exhibit many metal-containing ion peaks, and the fragmentation behavi our 
has been shown to be strongly influenced by the ability o f the meta l 
d ch 184,186 atom to un ergo valence anges. Recently, the mass spectra o f 
complexes of several monothio- S- diketonato ligands with various metal 
d 188-192 ions have been reporte , and it has been conclude d that the type 
of fragmentation is likewise dependent upon the metal ion. The mass 
spectra of metal dithioacetylacetonato complexes have been used 
primarily as an aid for their characterisat ion, and have been report ed 
only briefly. The available data are summarised in Table 4- 1, the 
spectra of all compounds being dominated by a peak at m/e 131, 
attributed to the 3,5-dimethyl-l,2-dithiol~um cation. l 
The work of this Chapter was undertaken to study in detail the 
fragmentation of a typical metai dithio-B- diketonate, and to compare its 
mass spectrum with those of the corresponding monothio- S- diketonato and 
B- 0 t diketonato complexes. Divalent nickel complexes of the dipivaloyl-
methanato ligand (ButacButac) and its monothio-(ButSacButa c) and dithio-
t t 
analogues (Bu SacBu Sac) were chosen, since all are believed to be 
1 45,130 °d o 0 monomeric and square p anar, thereby prov.l. .l.ng a rare opportUD.l.ty 
to compare the relative effects of oxygen and sulphur donor atoms in a 
series of isostructural complexes . In addition, the fragmentation 
ott t t b behaviour of the protonated l.l.gands, Bu acBu acH and Bu SacBu acH can e 
studied . The mass spectrum of the presumably octahedral tris- complex 
t t CO(Bu SacBu aC)3 has also been studied so as to extend the donor- atom 
comparison to tris-species, and a further study of the donor- atom effect 
t 
For convenience, these nickel complexes will be identified in the 
text by their respective nickel- donor atom cores . Thus 
Ni (ButacButac) 2 :: NiO .. ; Ni (ButSacButac) 2 :: Ni0 2 S 2 , and 
Ni (ButSacButSac) 2 :: NiS ... 
Se hc-me 4 - 1 
H,C CH, H,C CHz H,C JO 
v:Y pyrolysis YY D -e D (--\ f3 - HI + or - I , +, l:t. s, /s S-S 5-5 5 H,C 5 -SH" 
m=130 
r -SH" 
mO 131·6 
m-144 
HzN NH
z rN ] pyrolysis ~~-HI+ Y'n \:'+\/ I l:t. s... ..... N 
S-S ~ 
o \:'7\/ 
s--s 
l:t. 
t9-
m=132 
If lonMd, rapldl, _ S 
to 91.' matOO 
[V0 f3]-s-s -e (2) -e +r - ~. etc. s--s 
m'e- I03 
Moss spectrometric behaviour of some substituted 1,2-dithiolium solts 
H 
Cd 
4b 
has been made by comparing the mass spectrum of Ni(CF 3 SacSac)2 with that 
188 
reported for its monothio-analogue, Ni(CF 3 acSac)2. 
To aid both in this study and the mass spectrometric study in 
Chapter 2, the mass spectrometric behaviour of several substituted-l,2-
dithiolium iodides has also been investigated and these results are 
reported below. 
RESULTS AND DISCUSSION 
(a) 1,2-DITHIOLIUM IODIDES 
The 1,2-dithiolium iodides used in this study we r e the 
3,5-dimethyl-; 3-methyl-5-phenyl-; 3,4,5-trimethyl-; 3,5-diamino-l,2-
dithiolium iodides, and the "parent" 1,2-dithiolium iodide ([C 3 H3 S 2]+I-). 
These dithiolium iodides characteristically exhibit peaks at 
/ 4 + + + 2+ m e 25 , 128, 127, and 63.5 corresponding to 12 , HI , I , and I , 
respectively. No molecular ion is observed , but the spectra show strong 
(M-l) peaks. These (M-l) species then lose HS· to yield (M-34) species, 
such loss generally being confirmed by the corresponding metastable ion 
peak. 
These observations are consistent with pyrolysis of the 
dithiolium iodide in the mass spectrometer (this pyrolysis being 
accompanied by violent fluctuations of the ion c~rents) to yield 
neutral HI and (M-l) species which then undergo electron-impact 
° h fO 0 ° 193 react10ns as shown. A subsequent report as con 1rmed th1s mechan1sm. 
Specific examples of this mechanism are included in Scheme 4-1. 
The parent 1,2-dithiolium iodide ([C 3 H3 S 2]+I-) was the only 
exception to the above mechanism found in the present study. This salt 
yields the customary peaks due to the iodide ion and a mo~eeu~ar ion 
peak. In this case, it is not unexpected that the salt sublimes (rather 
than pyrolysing with loss of HI) to yield a complex activated species 
which then undergoes fragmentation to give the parent dithiolium cation 
and an i odine atom, this latter then undergoing the customary iodide 
reactions. 
3,5-Diamino-l,2-dithiolium iodide would seem, at first sight, 
to disobey the above mechanism, there being only a small (M-l) peak. 
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However, it can still be thought to obey the general mechanism if it is 
assumed that the neutral (M-l) species, if formed, rapidly loses sulphur 
to give a neutral (M-33) species and that i t is this (M- 33) species 
which undergoes the electron impact reaction giving r ise to the peak at 
mle 100. Low-intensity peaks due to formation of decay of Sa are also 
observed in the 3,5-diamino-l,2-dithiolium iodide mass spectrum . 
A possible driving force for the reactions of Scheme 4-1 is 
the jJrcsumed stability of the six-membered aromatic sjJ'c ies postulated . 
(b) LIGANDS 
The major peaks in the spectra o f the ligands are shown in 
Figure 4-1 and Table 4- 2. Those pathways which can be identified both 
by observation of metastable ions, and by p recise mass measurement, are 
shown in Schemes 4-2 and 4-3. Although a p eak of low intensity is found 
+ t t 
at mle 199 (C 1 IH19 0S ) in the Bu SacBu acH spectrum, this ligand appears 
t t to fragment quite analogously to Bu acBu acH, rather than via an 
"oxathiolium" ion species. 
(c) METAL COMPLEXES OF DIPIVALOYLMETHANE 
AND ITS DERIVATIVES 
Table 4-3 summarises the most important peaks in the spectra 
of these complexes . The spectrum of Ni04 (Fig. 4-2) is dominated by 
peaks due to ions containing nickel, notably M+', (M-C 4 H9 )+ and 
+. (M-C 7H10 0 2 ) (Scheme 4- 4). This last may have the structure 
(L- NiC 4 H9 )+ ' which presupposes a butyl- to- nickel migration, analogous to 
h 1 185,187,194 185 ()195 d migrations of p eny , methyl and C7H7 groups reporte 
for other B-diketonato complexes . Small peaks of approximately equal 
intensity corresponding · to LNi+ and (LNiH)+' have been shown by 
metastable peaks to be formed predominantly by stepwise processes rather 
than directly from the molecular ion. As the major metastable precursor 
of (LNiH)+' is (LNiC 4 H9 )+', it is probable that at least some of the 
hydrogen which migrates is derived from butyl groups. No L+ peaks could 
be detected; high resolution measurement showed that a peak at mle 183 
is due predominantly to C7H9 0 2 Ni+ with which L+ is closely isobaric 
(Figure 4-3). Peaks due to LH+' and its fragments were found, but the 
Scheme 4- 2 
Scheme 4-3 
+ 
C4 H9b 
-CO 
--_t SH 
• 
+ 
-CO 
m/e 109 
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ratios of their intensities to those of other peaks in the spectrum 
varied with time, indicating that they were due to ionisation of 
thermally generated LH, analogous behaviour having been observed in the 
185 
spectra of metal acetylacetonates . 
Similarly to the SacSac complexes,l,36,52,74 the spectrum of 
NiS .. (Fig. 4-2) is dominated by the L+ ion which may ha ve the highly 
stable aromatic dithiolium structure I. 
1 
This L + peak is by far the most intense in the spectrum , 
whilst the most intense nickel-containing peak is due to the molecular 
ion, which is shown by metastable ion peaks to be the parent of at least 
some of the L + ions . The spectrUIIl is similar to that obtained from 
193 3,5- di(t- butyl) - l,2- dithiolium perchlorate. Successive losses of 
neutral C .. Ra from L+ generate ions of compositions C 7 R11 S2 + and C3H3S2+' 
probably corresponding to the 3- (t- butyl) - l,2- dithiolium, and 
l,2- dithiolium cations. A major reaction of the even- electron L+ ion 
(1) is loss of a methyl radical to form an odd- electron daughter iOD, 
the stability of which is consistent with the mass spectrometric 
behaviour of the substituted l,2- dithioliurn iodides discussed above. 
Rationalisation of this and other reactions of 1 are shown in Scheme 4-5. 
The possibility that a low-intensity NiL+ peak in the NiS .. 
ott t t 
spectrum arises from a small amount of Nl(Bu SacBu Sac) (Bu SacBu ac) 
impurity cannot be discounted. Howe ve r, the observation of NiL+ peaks 
in the mass spectra of nickel bis(dithio-B-diketonato) chelates prepared 
via syntheses not involving the intermediacy of monothio- B- diketonato 
1 0 170 ( 0 ch f th M 0 S h t O t 19ands a reactl0n s eme or e artlD- tewart synt e lC rou e 
proposes that formation of nickel bis(dithi o - B- diketonato) compounds 
proceeds via formation of nickel bis(monothio-B-diketonato) compounds44 ) 
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Figure 4- 2 . Schematic mass spectra of the complexes Ni0 4 , Ni02 SZ and 
NiS 4 0: 40 = TIC for all ions mle > 40) • 
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is consistent with the NiL+ peaks in the spectra of the present nickel 
bis(dithio-B-diketonato) compounds being derived from the molecular ions 
of the bis-dithio chelates. 
Metal-containing fragments comprise 65% of the Ni02 S 2 total 
ion current (TIC), the spectrum of this compound having characteristics 
intermediate between those of NiO~ and NiS~ (Fig . 4- 2 and Scheme 4-6). 
Thus, the nickel-containing fragment ion peaks of Ni0 2 S 2 are analogous 
to, but less intense than (as a percentage of the relative TIC's) those 
. + in the spectrum of NiO~, and the N10 2 S 2 spectrum L peak accounts for a 
smaller proprtion of the TIC than does the dithiolium ion peak in the 
spectrum of NiS~. In contrast to both Ni0 4 and NiS~, the molecular ion 
is responsible for the base peak, and metas table ion peaks establish 
that at least some of the L+ ions are derived therefrom. The L+ ion 
fragments with successive losses of C~H8' H2 S and CO, of which only the 
first reaction is strongly represented in the spectrum of the dithiolium 
• . ( + + d ion. Daughter ions generated v~a these react10ns C7 H11 0S, C7 H90 an 
C6H9+ respectively) are also responsible for major peaks in the spectrum 
t t 
of Bu SacBu acH. 
The decrease in the proportions of the TIC carried by L+ as 
sulphur is replaced by oxygen in the series NiS~ (66%), Ni02 S 2 (9%), 
NiO~ (nil) may be due to the higher ionisation potential of oxygen 
relative to sulphur, to a reduction of opportunities for stabilisation 
of the L+ ions via bonding involving sulphu r d-orbitals and to a less 
even distribution of the positive charge i n II relative to I because of 
the higher electronegativity of oxygen relative to sulphur and carbon. 
II 
Further evidence for the lower stability of the oxathiolium ion (II) is 
provided by the rarity or absence of publi s hed reports of the 
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characterisation of oxathiolium salts , while dithiolium salts have been 
" "117 h " 
extens1vely stud1ed. T e stabil1ty of c atenated s ulphur is we l l 
known , and in fact several synthet ic r outes to 1 , 2-di t hio l i um sa l ts u se 
such sources of sulphur as H2S 2 and e l e me nt al sulphur. 
Metas table ion data e stablis h tha t s ome of the 3 , 5- di ( t - buty l )-
1, 2- d ithi olium ion (I) in the NiS~ spec trum is d e r i ved from a parent of 
m/e 456, corresponding to the molecular ion of a mi xed lig a nd varia tion 
f " " ( t t)( t t) h " " " o N102S2 , N1 Bu acBu ac Bu SacBu Sac, t . 1S spec 1e s appar ently be 1ng 
generated either in the mass spectrometer o r as a side - p roduct of t he 
NiS~ synthesis. Simultaneous introduction of Ni 0 4 and Ni(Bu t SacBu t ac ) 2 
into the mass spectrometer yielded a spectrum showi ng molecula r ion 
peaks of the species Ni02S 2 , Ni03S and Ni0 4 , and (M- 57)+ peaks from 
N1" 03 S+· "+. and N10~ • Although these mixed ligand Ni02S2 and Ni03S 
species are at present unknown, these mass spectrometric data offer 
tangible evidence of the possibility of the ir syntheses. The physico-
chemical properties of such compounds would be of gre at i nte r e st . As 
one example, the relative El/2 values for t he reduct i ons o f the Ni02S2 
species III and TV would be of particular r elevance to the donor-atom 
III TV 
variation electrochemical studies of Section C. 
(d) BIS(TRIFLUOROMETHYLDITHIOACETYLACETONATO)NICKEL(II), 
Ni(CF 3SacSac)2 
The main features of the spectrum (Fig . 4- 4) a re a small 
molecular ion peak and a large peak due to the 3- trifluoromethyl- 5-
methyl- I,2- dithiolium cation . Peaks typica l of the fragmen t ation 
products o f 1,2- dithiolium ions generated in the mass spectra of dithio-
+ + + S- diketonato complexes are also observed (e . g., C3H3 ' HCS , CH 3CS , 
Table 4-3. Most intense peaks in the spectra of 
NiO .. , Ni02 S2 and NiS ... 
NiO .. Ni02 S 2 NiS .. 
% TIC Relative % TIC 
Relative % TIC Relative 
Intensity (%) Intensity (%) Intensity (%) 
M 28 81 55 100 7 11 
M-C .. H9 35 100 0.5 1 
M-L 2 7 0.3 0.6 0.6 1 
M-L-C .. H9 1 3 
C .. Ha Ni 2 6 
LH 0.3 1 
L 9 16 . 66 100 
LH-C .. H9 3 9 
L-Me 6 9 
L-2Me 3 5 
C .. H9 12 35 10 17 2 3 
S 10 15 
Scheme 4- 5 
BU'O~ +. 
+ 
() 
S-S + 
(L-HS)+O) as well as variations induced by the introduction of the 
trifluoromethyl group (e.g., FCS+, (L-HF)+, (L-CF 3 )+o). Similarly to 
. (t t) Nl Bu SacBu Sac 2' only a small percentage (7%) of the TIC of the 
Ni(CF 3SacSac)2 spectrum is due to nickel-containing ions. 
(e) CONCLUSIONS 
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Inasmuch as all chelates exhibit peaks due to NiL2+o and NiL+, 
irrespective of the donor atom set, the fragmentations of the present 
complexes are similar. In favourable cases , a parent ion can undergo 
loss of all or part of a particular ligand substituent. Thus, the 
highly branched t-butyl group is readily lost from the dipivalolymethane 
derivatives, whereas F and CF 3 are lost =rom the trifluoro compounds. 
The appropriate metastable ion peaks establish that L+ ions are 
generated from the molecular ions and the L+ fragmentation products are 
found in the spectra of all the sulphur-containing compounds. 
A significant difference in the spectra of the monothio- and 
dithio-complexes from that of the B-diketonato complex is that the 
ligand is lost from the former pair in its oxidised form L+, whereas DO 
such peak is observed for Ni04 • The presence of an intense L+ peak from 
NiS 4 compared with the absence of a L+ peak from Ni04 is consistent with 
the low stability of sacsacHl and the greater stability of 
. . . . 1,117 1,2-dlthlOllum lons. 
Concomitant with an increase in the contribution to the TIC of 
L+ on going from Ni04 to NiS 4 is a decrease in that of the molecular ion 
peaks. This is part of a general observation that the percentage of the 
TIC due to metal-containing peaks decreases in the order 
Ni04 > Ni02S 2 > NiS 4 • That is, the character of the spectrum changes from 
one dominated by the fragmentation of the complexed ligands in Ni04 to 
one dominated by the fragmentation of the uncomplexed, oxidised ligands 
in NiS 4 • The behaviour of the Ni02S2 compl ex is intermediate between 
these two extremes, being similar to Ni0 4 with respect to the percentage 
of the TIC due to metal-containing ions, but similar to NiS 4 in the 
generation and fragmentation of a strong L+ peak. Comparison between 
Ni(CF 3 acSac)2 and Ni{CF 3 SacSac)2 spectra (Table 4-4) establishes that 
this trend is paralleled in these complexes. 
SCil<~J1ll ' tt-G 
m/e 456 
+ 
m/e 109 
The trends discussed above are not confined to complexes of 
nickel. C003S 3 exhibits many peaks (Fig . 4- 5 and Scheme 4-7) quite 
185 . ) 194 
analogous to those of Co(acac)3' Co(d1benzoylmethanato 3 a nd 
196 + Co06 , but additionally , the spectrum is dominated by the L peak at 
m/c 199 and its fragmentation products . Significan tly, in contrc..lst Lo 
52 Co (SacSac ) 3 and some other tris (monothio-B-dik toncl · 0) cobal L (I II) 
190 
complexes, 
52 
a molecular ion is observed f or Co0 3 S 3 • The failure to 
J Y7 
observe a molecular ion in the complexes M (acac) 3 (M = Cr, Fe, Co) W<.Js 
subsequently shown to be a consequence of the method of introduction of 
. th 198 b h f th the samples 1nto e mass spectrometer. It may e, t ere ore, at 
some of these other cobalt- sulphur compounds will exhibit a molecular 
ion under favourable conditions. 
~ 185 
., 80 L+ 0 . c: '6~~ 0 "0 C " .0 U 40 ., 
-L Ni' 
> , I 59 , 
0 : I a; ~H3S+ 
I 
I ~ 'r~ , J .: .• t 
, 428 
+ . 10 
NiL2 
100 300 500 
m/e 
Fj !J ure 4-4 . SchemaLi c 
clll ion~ m/. , > 40) . 
80 
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Table 4- 4 . Comparison between mass spectra of 
Ni(CF 3 acSac)2 and Ni(CF 3 SacSac)2 . 
Ion 
a Ni(CF3 acSac)2 
Relative 
Intensity (%) 
Ni(CF 3 SacSac) 2 
Relative 
Intensity (%) % TIC 
M 70 12 6 
M- F 5 
M-CF 3 5 
M-F-H2S 
M- COCF 3 7 
M- (L-S ) 5 
M- L 23 1 
M-L-CF 3 8 
M- 2L 3 
L 100 100 46 
L- H 15 7 
Other L+ derived { 35 16 peaks (see text) not noted 15 7 S 
a from reference 188. 
- L40(%) [Jf"] 30 co:, J 457 0 
C.H 3 20 
·Cofll l 2 
143 258 
1 ' Coal 400 109 I ...l. 
656 10 
Com l 3• · 
100 200 300 400 500 600 
~e 
t t Figure 4-5. Schematic mass sp<'ctrum of Co(Bu SacBu ac) 3 0= .. 0 = TIC for 
~ll ions m/(' >40 . Left hand scale is relative abundance ( t» . 
Scheme 4-7 
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CHAPTER 5 
TREATMENT OF ELECTROCHEMICAL DATA 
The utility of electrochemical techniques in investigating 
mechanistic, electronic, synthetic and structural aspects of 
co-ordination compounds has been amply illustrated in recent 
199- 201 
years. Perhaps the most widely used of the voltammetric 
techniques has been dc polarography, but cyclic voltammetry and ac 
polarography are finding increasing favour, particularly since 
53 
° 202-205 theoretical analyses of electrode responses have become avallable . 
Other techniques, such as pulse polarography in its s e ve r a l forms , higll 
frequency methods, and techniques with time as a variable have also been 
206- 210 
employed . The coupling of the electrochemical cell to computer-
based data acquisition and analysis has allowed a further degree of 
h o ° ° 211-214 sop lstlcatlon . 
In the present work, dc and ac polarography, cyclic 
voltammetry and coulometry have been utilised. Theoretical concepts 
associated with the interpretation of the data obtained are discussed 
below . The discussion is divided according to te~hnique and further 
subdivided according to the degree of reversibility of the charge 
transfer process. 
In the interpretation of electrochemical measurements, perhaps 
the most immediate problem is to establish the degree of reversibility 
of the electrode process. Two useful definitions of the concept of 
215 216 
reversibility are those provided by Brown and Large and by Delahay. 
According to Brown and Large 
" If a charge transfer process is said to be "reversible", 
one is in reality only stating that the process occurs at a 
significantly more rapid rate than the rate of diffusion . A 
charge transfer process governed by both diffusion and charge 
transfer kinetics is termed "quasi-reversible". A reaction in 
which the charge transfer process is much slower than the 
diffusion rate is termed "irreversible". 
Delahay has quantified the concept of reversibility in terms 
of the magnitude of the rate constant of the he~erogeneous charge 
3 
4 
I 
4 
o 
Potential 
Figure 5-1. de polarogram showing parameters of inter st . 
transfer (k ). At "normal" drop times (3-8 sec) the degree of 
s 
reversibility of the dc polarographic charge transfer is given by the 
inequalities (k in cm sec-I) 
s 
k >2 X IO- z 
s 
2 X IO- z >k >2 X IO- 5 
s 
k < 2 x 10- 5 
S 
reversible 
quasi-reversible 
irreversible 
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An important distinction to be made in the discussion of 
electrochemical reversibility is that between the reversibility of the 
electrode process as a whole and the reversibility of the charge 
transfer. Thus, the combination of an irreversible chemical reaction 
coupled to a reversible charge transfer results in the overall electrode 
process being non-reversible. In the ensuing discussion, therefore, the 
effects of charge transfer and coupled chemical reactions are treated 
separately. 
(a) dc POLAROGRAPHY 
Figure 5-1 shows a typical reversible dc polarographic wave 
and illustrates the parameters under discussion . 
Interpretation of the dc polarographic response is greatly 
simplified if it can be established that the electrode process is 
diffusion controlled and reversible . The assumption of Fickian 
diffusion of the depolarisor to the electrode leads to the Ilkovic 
. 217 
equat~on 
(5-1) 
Since the drop time is inversely, and the mercury flow rate directly 
proportional to the mercury column height, 
• ex: h llz ~~ . (5-2) 
Plots of i~ vs. h I/Z are therefore straight lines through the origin if 
the limiting current is diffusion controlled. 
Diffusion coefficients may be calculated from equation (5-1) . 
The diffusion coefficients of the oxidised and reduced halves of a redox 
couple are generally assumed to be equal. h h · 218 h f d Alt oug L~ngane as oun 
the diffusion coefficients of Ni(mnt)2 and Ni(mnt)2- Z to differ, 
the difference can be shown in that case to have a negligible effect 
upon the polarographic parameters . In the following discussion the 
simplifying assumption of equal diffusion coeffic;:ients will be made. 
The general solution of the diffusion problem for the 
reduction 
has been shown to be 
i - i d 
i 
k 
A+ne k$ B 
-e 
h . th h f ff·· 220,221 k were (l 1S e c arge trans er cae 1c1ent and = k = k 
e -e s 
Two limiting solutions of equation (5-3) pertain . Either (a) the 
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overall rate of the electrode process is governed by the diffusion of A 
and B to and from the electrode, or (b) the overall rate of the 
electrode process is governed by the rate of the heterogeneous charge 
transfer. 
In the reversible case (a), equation (5-3) reduces to 
. id 
and, at 1 ="2"' 
E EO + RT In [i d .- iJ 
nF 1 . 
o 
E112 = . E • 
Note that when cognizance is taken of the difference in diffuSion 
199 
coefficients, equation (5-5) becomes 
-~ zn[D~J 2nF D
red 
(5-4) 
(5-5) 
(5-6) 
Substitution of Lingane's values for the diffusion coefficients into 
equation (5-6) shows a displacement of Ell 2 from EO by 3 mV for the 
Ni(mnt) 2 reduction. 
For the irreversible case (b) 
(5-1) 
Ip 
-' 2 
o 
---.--
Potential 
Fiyur 5 - 2 . Reversible at: polarogram , s howing parameters of interest. 
Thus, for a reversible charge transfer, El/2 is a thermodynam i ~a l l y 
significant parameter, whereas in the irreversible case the 
thermodynamics of the system are not fully characterised by E
l/2
• 
A simple test of the reversibility of an electrode process is 
provided by assessing Ell .. - E 31 ... From equation (5-4), 
RT 
nF In 9 (5-8) 
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which at 22 °c equals -- mY . Similarly, in the irre v e r s ible c a se (b) at 
n 
22 °c, 
56 
mV • (5-9) an 
The above is, however, only a two-point analysis of 
reversibility. A mor~ cO~Jlete analysis is obtained by plotting E as 
{
1.d - 1. 
the ordinate and log ---i-- as the abscissa. For a reversible charge 
f h ' 'ld 'h l' f d' 2.303 RT [58 trans er t 1.S Y1.e s a stra1.g t 1.ne 0 gra 1.ent nF ~ mV at 
22 Oc) and vertical intercept El/2 • Comparison of measured with 
205 
calculated wave shapes can also be used to test reversibility. 
(b) ac POLAROGRAPHY 
Alternating current polarography essent,ially involves the 
superposition of a small alternating potential [~E ~ ~6 mV peak to 
204] , , peak upon the scann1.ng dc potent1.al, and measurement of the resultant 
alternating current as a function of the dc potential. Figure 5-2 
illustrates a typical reversible ac polarogram. To date, the 
fundamental harmonic alternating current has most often been used, but 
, f' " 'f 222 , second-harmonic exper1.ments are 1.nd1.ng 1.ncreas1.ng avour. L1.ttle 
204 advantage is gained by use of harmonics higher than the second, and 
only the fundamental harmonic has been used in the present work. 
Analogously to dc polarography, the ac polarographic response is 
influenced predominantly by the degree of reversibility of the 
heterogeneous charge transfer, and by the coupling of chemical reactions 
to the charge transfer step . 
Table 5-1. Characteristics of ac wave (at 22 °C) 
for reversible charge transfer A + ne ~ B. 
[Ed] is independent of frequency 
c p 
[Ed] is independent of drop time 
c p 
n 
1/2 . Plot of 1p VS. W 1S a straight line through the origin 
{[1)~ [I -IJ~} Plot of log 7- ± ~ VS. Edc is a straight line of gradient 
l~ 7 mV and intercept El~2 on the potential axis 
(i) 204 223 Reversible Charge Transfer ' 
For the reversible reduction, 
A + ne :;: B , 
where A is the only species initially present in solution, the ac 
current is given by 
57 
I(wt) (5-10) 
where 
(5-11) 
and the drop area A, is customarily evaluated via 
A = 0.85(mt)213 (5-12) 
Differentiation of equation (5-10) shows it to have a maximum 
r 
atE dc = [E dc] p = E 11 2· The ac equi valen t of the Heyrovsky- Ilkovic 
equation (5-4) can be shown to be 
r 
and again, when I = Ip' [Edc]p = El/2 • 
(5-13) 
A two point analysis of the reversibility of the ac charge 
transfer is provided by the width of the ac polarographic wave at half 
its height (W I/2 ), since 
2RT In [~ + 1)) 
nF \,'2 _ 1 (5-14) 
90 
which at 22 °C equals -- mV. However, the most sensitive tests of the 
n 
reversibility of the ac wave at a particular frequency are comparisons 
with calculated wave 205 shapes, and graphical plots with l09{ [~]~ ± [~]~} as abscissa and Edc as ordinate . If the charge 
. f . 4.606 RT (117 transfer is reversible, a straight 11ne 0 grad1ent nF ~ mV at 
22 Oc) and vertical intercept EI~2 is obtained. The reversibility over 
a large frequency range can be tested readily by plotting I against 
p 
W
1/2
; such a plot yielding a straight line through the origin for the 
reversible case (equation (5-10». Table 5-1 summarises the 
characteristics of a reversible ac wave. 
Table 5-2. Characteristics of ac wave (at 22°C) 
ks 
for irreversible charge transfer A + ne ~ B 
[Ed J shifts cathodically with increasing frequency 
cp 
[EdCJ p shifts anodically with increasing drop time 
r 
[EdC]p # Ell 2 
> 90 mV 
n 
Ip is not a linear function of Wi J 2 
I < I 
Pirrev. Prevo 
Ip is drop time dependent 
(ii) Irreversible Charge Transfer 
Although the polarographic response for an irreversible charge 
transfer was initially thought to be vanishingly small, it has since 
224 emerged that ac polarographic waves are to be expected in this case. 
A good approximation to the peak height of the irreversible ac wave is 
where 
That is 
I 
Pirrev . 
'" 1.644 an 2F 2 AC(WD) 112M 
RT (1 + Q 1 I 2 ) 2 
Q 1. 907 (wt) I I 2 • 
'" [ 1. 644 a ) Ip Ip (1+ Qlt2)2 irrev . rev. 
and therefore I < Ip • 
Pirrev. rev. 
The peak potential is given by 
[E ] = dc p 
r RT 
EI/2 + anF 
RT 
- -- lnQ 2anF 
(5-15) 
(5-16) 
(5-17) 
(5-18) 
and is both drop-time and frequency dependent. Equation (5-18) also 
r 
establishes that [Edc ] p ~ EI 12 . It can further be shown that the peak 
potential of the ac wave is displaced from the dc polarographic half-
. 225 . 
wave potentlal accordlng to 
RT . 
[E dc] p - E I I 2 = - 2anF In Q 
The characteristics of the irreversible ac wave are summarised in 
Table 5-2 . 
(iii) 204,226 Quasi-reversible Charge Transfer 
(5-19) 
In the case of a Nernstian dc response and a quasi-reversible 
ac response, I is a linear function of W I / 2 only at low frequencies. p 
At high frequencies, I approaches a limiting, w-independent value given p 
by 
I 
P 
In this high-frequency limit 
RT ( 5- 20) 
Table 5-3. Characteristics of ac wave (at 22 °C) 
ks 
for quasi-reversible charge transfer A + ne ~ B 
[EdC1p - E1I2 
'" 89 mV 
n 
143 
'" f'lV 
n 
at low frequencies (k »/2WD) 
s 
at large frequencies (k «/2wO) 
s 
at low frequencies } 
at large frequencies 
(l 0.5 
Plot of Ip vs. Wl/2 is a straight line through the origin at low 
frequencies 
At large frequencies, and for (l 0.5, Ip 2RT 
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[ 1 r + RT In B Ed = E1I 2 
c P nF (1 ('). ;:> I) 
. ' r . S1. lI ce E J /? Cdn be deternnned from the d e: polarogrum , (1 e:o Il be dc; L(; nn l rJ(:d . 
If (l :~ 0.5, ec.]uation ( 5- 2 0) reduces to 
I 
P 2RT (5-22) 
At 22 °C, W I/2 varies between 89 mV at low frequencies and 143 mV at 
high frequencies if Ct '" 0.5. 
Should the conditions of reversible dc charge transfer pertain, 
then the quasi-reversible ac polarographic wave height and shape wi ll be 
independent of the mercury column height. However, if the e l ectrode 
process is also quasi-reversible in the dc sense, then a drop- time 
d d f th " 227,228 epen ence 0 e ac wave 1.S pred1.cted. Table 5-3 s ummarises the 
charact e ristics of quasi-reversible ac charge transfer . 
(c) CYCLIC VOLTAMMETRY 
Linear sweep cyclic stationary electrode polarography or 
voltamrnetry involves measurement of the current resultant upon the 
application of a cyclic linearly-varying d c potential scan (Fig. 5-3) to 
a stationary electrode. A typical reversible cyclic voltamrnagram is 
reproduced in Figure 5-4. As the behaviour of the products of electrode 
p rocesses can be investigated, cyclic voltamrnetry has proven to b e of 
immense value in the study of the kinetics of electrode processes , and 
of chemical reactions coupled to the charge transfer. The time scale of 
the e xpe riment can be altered by varying t he potential s weep rate , 
thereby allowing the study of both very fast and very slow reactions . A 
229,230 
very recent development, cyclic ac voltamme try, permits further 
control of the time scale as a consequence of the freque ncy-dependence 
of the ac response. 
(i) 202 Reversible Charge Transfer 
For the reversible reduction of A at 22 °C, 
A + n e ~ 8 
-
! 
I 
I 
I 
; I 
t I 
j 
o 
-C 
Q) 
-o 
0... 
Time 
Figure 5- 3 . Wa ve form for c y clic trianguJ a r wav e vol t ammc t ry . 
60 
the peak potential of the cyclic voltammag ram is related to El~2 by 
or, 
28.1 mV 
in terms of the half-peak potential, E 
p/2 
27.7 mV • 
r r The El/ 2 value can also be determined by noting that E=El" when 
(5-23) 
(5-24) 
i = 0. 85l7 j • 
p 
. r 
Sl.nce the El/2 values of the two halves of d redox cauph: 
are equal if the charge transfe r is reversible , it follows from C(!udLiofi 
(5-23) that the separation between the cathodic and anodic peak 
p otentials is 
lffip 56.2 mV • (5- 25) 
The peak current of the forward potential scan is given by the Randles-
. . 215 Sevcl.k equatl.on 
i 
P (5-26) 
from which it fOllows that a plot of ip against v l /2 should be a 
straight line through the origin. A furthe r criterion of reversibility 
is that 
i 
cp i ap 
A useful equation for the application of equation (5-27) is 
i 
ap 
i 
cp 
(i ) 
ap 0 
(i ) 
cp 0 
+ 0.485 
(i ) 
sp 0 
(i ) 
cp 0 
+ 0.086 • 
An important limitation on the use of equation (5-28) is that the 
switching potential (EA) be such that 
IE - E, I > 60 mV. 
cp 1\ n 
(5-27) 
(5- 28) 
(5- 29) 
The characteristics of the reversible cyclic voltammagram are summarised 
in Table 5-4. 
o 
O'85iap 
r 
Eap EV2 Ecp 
r~Ep-i 
Potential 
Fj'lurC' J -4 . R ' v rsibJe 'ye lie voltauunayram , s how i n paramcL r s uf 
i II L(' 1 l'S t • 
( ii) 202 Irreversible Charge Transfer 
In the case of an irreversible charge transfer 
there is no current on the reverse scan. At 22°C, the peak potential 
is related to EO via 
0.0292 DClnv 
61 
E 
P 
EO _ 0.0664 
an log --:---2k an (S-30) 
and 
E -E = 47.1 
p/2 P a n 
k and a may be evaluated from the relation 
s 
s 
mV 
i nFAC k exp [- ClnF (E - E . . )] 
s RT 1n1t 
which is valid only for i < O.l~. Table 5-5 sUIl1lllarises the 
characteristics of the irreversible cyclic voltammagram. 
(iii) Quasi-reversible Charge Transfer 
For the quasi-reversible reduction 
A + ne ~ 
k 
-e 
B 
(5 - 31 ) 
(S-32 ) 
. h 232 th ak' ,I, h N1C olson has related e pe potent1al to a parameter ~, w ere 
~ . ~ [::J' ks[-:°Ar (S-33) 
The solution of the boundary value problem is presented in terms of a 
working curve enabling ks to be determined from 6Ep ' provided DA is 
known (in the absence of a value for DB' it is assumed that D = D ). 
A B 
Both the symmetry and peak potentials of the cyclic voltammetric waves 
are affected by the charge transfer coefficient a, however, in the range 
0.3 < a < 0.7, the values of llE are nearly independent of a , especially p 
for large values of 1JJ. The problem reduces to a reversible charge 
transfer for 1JJ ~ 7, whilst for 1JJ < 0.001, the solution is the same as for 
Table 5-4. Cha~acteristics of cyclic voltammagram (at 22°C) 
for reversible charge transfer A + ne ~ B 
E 
28 
n 
r 
E1/2 when i 
56 
-mV 
n 
mV 
0.85 ip 
is independent of v 
is independent of v 
ip varies linearly with v 1 / 2 
1 
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the irreversible case. As in the case of reversible c harge tra ns f e r, it 
is important that the switching potential is sufficie ntly displ aced from 
. r 141 the forward peak. N1.cholson has assumed E,\ - El/2 = 7 mV for his 
calcula tions. 
Table 5-6 summarises the characteristics of the quasi-
reversible cyclic voltanunagram, although the assignment of quasi-
reversibility to an electrode process on the basis of these criteria 
alone is complicated by the fact that the effects of uncompensated 
resistance upon the reversible cyclic voltanunagram are qualitatively 
232,233 very similar to those of quasi- reversible charge transfe r. 
(d) COUPLED CHEMICAL REACT:):ONS 
As mentioned earlier, polarographic and voltanunetric waves can 
also be perturbed by the coupling of chemical reactions to the charge 
. . 234 transfer process . For example, l.t can be shown read1.1y that the 
effect of a chemical reaction following the charge transfer step 
r is to shift the dc polarographic half wave potential from El/2 according 
to 
r 0.059 1 9 kl/2 11 2 El/2 + ---n-- og 1.34 f t (5-34 ) 
a result analogous to the influence of a slow charge transfer upon the 
234,225 dc polarogram. 
This reaction scheme also affects the ratio of the cyclic 
. ip(anodic) 
voltanunetric peak he1.ghts . The rate constant, k
f
, can be 
l.p (ca thodic) 
evaluated from cyclic voltammetric data via recourse to a working curve 
presented by Nicholson and Shain202 in which this ratio is plotted as a 
function of 109(kfT), where 
T 
v 
seconds . 
This procedure was employed in the calculation of the kf-value for the 
(cP2V(SacSac)] {BF~] reduction . 
Table 5- 5 . Characteristics of cyclic voltammagram (at 22°C) 
ks 
for irreversible charge transfer A + ne -+- B 
shifts cathodically with increasing v 
is dependent upon k 
s 
There is no faradaic current on the reverse scan 
is independent of v 
Similarly, if a chemical equilibrium pre c e d e s a nernstian 
235 
charge transfe r 
C l'I + nc B K 
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t he n a n ac pol a rogra~lic wave of diffus ion-contro lled 
ob s e rve d, with its peak potential displaced from El~ 2 
chcl r acter wiJ L bc' 
b y - In -- . RT [K J 
nF 1 + K 
Just as a given k -value will affect the various e l ec tro-s 
chemical techniques differently, a particular k
f 
will have d i f fering 
effects on the parameters of the various time-scale experiments. Thus , 
kf-induced complications evident in the dc polarographic e xperiment 
might be "outrun" by recourse to high scan-rate cyclic-voltammetric or 
high-frequency ac polarographic techniques. 
Several discussions on the effects of coupled chemical 
reactions upon the observables of the various electrochemical t e chnique s 
' I bl 202,235-238 f th 'bl t ' 
are aval a e. Because 0 e many POSSl e reac lon types 
and experimental conditions, no attempt will be made he r e to summarise 
all the expected results. Rather, those examples of coupled chemica l 
reactions encountered in this study will be discussed as they occur in 
the general text. 
(e) CYCLIC VOLTAMMETRY AT A dme 
Using the relationship for the area of a mercury drop 
A = 0.85 (mt) 21 3 (5-12) 
at time to after the previous drop has been dislodged" 
AO Kt02/3, 
where K = 0.85 m2 /3 • Similarly, at a time to + l1t, 
Thus 
K{ (to + l1t) 21 3 _ to 21 3} 
and 
Table 5- 6. Characteristics of cyclic voltammagram (at 22°c) 
ks 
for quasi-re versible charge transfer A + ne ~ B 
is dependent upon v 
is dependent upon v 
is dependent upon k 
s 
is virtually indepndent of v 
1 if a 0.5 
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( l:.t) 21 3 1 +-to - 1 • (5-34) 
That is, the percentage change in the drop area (AA%) during a time 
interval ~t, commencing at time to after the previous drop has been 
dislodged is given by 
/\A% !:It] 213 } + - - 1 ~ . 
to (5- 35) 
!:It It follows that in the limit as - + 0, then M% + O. J\lte rnativ e ly, 
to 
provided that ~t < 0.08 to' then ~A% < 5%. 
Qualitatively, then, it can be seen that for sufficiently long 
drop times, the change in the drop area with time is slight for small 
time intervals near the end of the drop life. Thus, it is possible to 
obtain cyclic voltammagrams of qualitative utility at a dme with a 
sufficiently long drop life. Provided the scans can be triggered at a 
known interval after the commencement of drop growth, it is possible to 
obtain successive cyclic voltammagrams at freshly cleaned electrodes of 
known and reproducible area. Manual triggering was used in this work to 
initiate cyclic votammetric scans at a dme, these having been utilised 
as an aid in the qualitative evaluation of the nature of electrode 
processes. 
Figure 5-5, which shows two successive scans on the same drop 
at a dme, illustrates that although the current increases with drop size, 
the peak potentials, and therefore, peak ~eparations do not. A 
quantitative theory describing this technique has been described 
230 
recently. 
(f) POLAROGRAPHIC DROP TIME 
Perhaps the most obvious control over the time scale of 
polarographic experiments is provided by variation of the drop time. 
Drop time control in classical polarograppy was achieved by variation of 
the mercury column height, i.e., the so-called "natural drop". However, 
it is now possible to obtain very short drop times by mechanically 
dislodging drops, and this technique has been employed in the present 
work. The "rapid drop" technique has been shown to possess a number of 
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f 'igure 5- 5 . Succe~sive cyclic voltanunagrams on the' same drop <.It d drne . 
J"irst scan , f u ll c urve ; second scan , dashed curve. 
advantages over the use of natural drops, and does not invalidate 
242 polarographic theory. 
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CHAPTER 6 
ELECTROCHEMICAL STUDIES 
d 3 d 4 d S d 6 d 7 de d 9 d 10 
CrL 3 
-0 . 49 Cr(II) FeL 3 -0.21 Fe(II) --. ~a 
RuL 3 
+0.04 Ru(II) 
-
Os(1V) +0 . 92 OsLs -0.05 Os (II) 
-
~
a 
CoL3 
? 
CoL2 -0.65 Co(1) -1.45 Co(O) ----+ 
- -
RhL3 -1.05 
-+ Rh(1) 
1rL3 
-1.11 1r (II) -1. 24 1r (I) 
--
--. 
NiL2 -0.94 Ni(1) -1.18 Ni (0) --. --. 
PdL2 
-0.96 Pd(1) -1. 39 Pd(O) 
- -
PtL2 
-1.01 Pt(I) -1.48 Pt(O) 
-
~
Figure 6-1. Electron transfer series of metal dithioacetylacetonates (after reference 144, a=present 
work), +--+ = reversible proce~s, ---+ = nonreversible process. Note that products are represented 
by their formal oxidation states for convenience. The electrode processes may not be metal-based. 
6-1. ELECTROCHEMISTRY OF DITHIO- S-DIKETONATES 
AND RELATED SPECIES 
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z Subsequent to the observations ~hat the complexes M{S2 C2R2) 
n 
were linked by well-defined electron-transfer series, conflicting views 
were expressed as to the possibility that the M{SacSac) compounds would 
n 
exhibit reversible redox behaviour. 243 , 244 Accordi ngly, polarographic 
studies of the latter were initiated in which the existence of 
' bl d was establ;shed. 144 ,169 d 1 1 ' revers~ e re ox processes • Presume so vo ys~s 
245 problems had beset a previ ous study in which non-reversible waves 
were observed. 
The polarographic behaviour of the known M{SacSac) complexes 
n 
is summarised in Figure 6_1. 74 ,144,169 No oxidation waves had b een 
observed, and all reductions, with the exceptions of those of 
Co{SacSac) 3 and Rh{SacSac)3' are at least quasi-reversible. E l/2 -values 
have been correlated with the known c hemistry and spectroscopic 
behaviour of the compounds, and the high degree of reversibility 
exhibited in most reductions has been interpreted as indicating that the 
complexes and their stereochemistries remain intact upon reduction. 
The products of the first M (SacSac) 2 (M = Ni, Pd) reductions 
are thought to rearrange to give two formally M{I) complexes , each of 
which is then reduced to a dinegat i ve species. 
M{II) ~ M{I) +e ~1 (O) T"' ~ 
l k 
M (I) , +e M{O) , ->. T"' 
This rearrangement becomes less important for the heavier members of the 
group, the reduction of Pt (SacSac) 2 being uncomplicated (i . e. k -+ 0) • 
Reduction of a series of bis{dithio-S-diketonato)nickel{II) complexes 
, , 2 has revealed a marked depe ndence of El/ 2 upon the l~gand subst~tuents. 
CO(SacSac) 3 and Rh( SacSac) 3 are reduced via a two- electron 
step accompanied by appar ent loss of a ligand 
M (SacSac) 3 + 2e -+ M (SacSac) 2 - + SacSac M Co , Rh 
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By contrast, Ir(SacSac) 3 undergoes two reversible one- electron 
reductions, although the potential separation between the E
1
/
2
- values is 
small . 
A number of other dithio- S- diketonato complexes have also been 
studied polarographically . 2 The reductions of these compounds generally 
differ from those of their M(SacSac) analogues to an extent entirely 
n 
consistent with the variation of the ring substituents (and kinetic 
parameters , where applicable) . Isolati on of M(OEtSacSac)2 (M=Zn , Cd, 
Hg) complexes 3 enabled the polarography of the nd lO systems to be 
studied.
l09 
Oxidation waves were observed for all complexes, these 
being assigned to the processes 
M (OEtSacSac) 2 -+ M (II) + 20EtSacSac + + 4e- M Zn, Cd 
+ Hg (OEtSacSac) 2 + Hg -+ 2Hg (OEtSacSac) + 2e 
Two one-electron reductions are observed for Zn(OEtSacSac)2' 
109,222 the electrode processes being postulated as 
Zn(OEtSacSac)2 ~ Zn(OEtSacSac)2 -2 Zn (OE.tSacSac) 2 
j kinetically controlled "rearrangement" 
"Zn(OEtSacSac ) 2-" 
Cd(OEtSacSac) 2 also exhib i ts two one-electron reduction waves , however , 
these are irreversible and exhibit maxima . The reduction of 
Hg(OEtSacSac) 2 proceeds via an irreversible two-elec tron step . 
Prior to the present work, the only oxidative process observed 
polarographically for a non-d lO dithio-S- diketonate was that r eport ed 
for Os (OEtSacSac) 3. Unfortunately, t he proximity of the oxidation wave 
to the polarographic anodic limit (i . e ., +0 . 8 V), precluded its 
characteri sation, although the available data are not inconsistent with 
) . 2 the formation of a formally Os(IV spec~es . 
Several recent studies on transition metal chelates have 
exemplified the advantages provided by a knowledge of the redox 
processes of the chelating ligands.178-180,199,246 Because of the 
instability of most dithio-8-diketones, the only ligands of this class 
115 
to have received study are OEtSacSacH and NH 2SacNH 2SacH . Both 
compounds are reduced, presumably with the evolution of hydrogen , in a 
process somewhat analogous to the reduction of acetylacetone. The 
OEtSacSacH polarographic oxidation wave has been shown to involve 
electrode oxidation. 
Hg + OEtSacSacH ~ Hg{OEtSacSac)+ + H+ + 2c 
Since Hg{OEtSacSac)+ slowly reacts with excess ligand, the coulomctric 
oxidation process has been shown to be 
Hg + 20EtSacSacH ~ Hg{OEtSacSac)2 + 2H+ + 2e 
Although the products of the electrode process have not yet been 
synthesised, and so could not be used in the characterisation of the 
polarographic oxidation wave observed for solutions of NH 2SacNH2SacH; 
polarographic oxidation in such solutions is believed to proceed 
analogously to that in solutions of OEtSacSacH. 
B-Diketones exhibit both reductive and oxidative behaviour. 
The reduction of acetylacetone in acetonitrile has been shown to yie ld 
the acetylacetonate anion . 247 This process is complicated by the 
preceding keto-enol tautomerism of acetylacetone, reduction being 
presumed to occur via the enol form. 
keto-acacH enol-acacH +e 
--+ ~H2 + acac 
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Further complications arise from the base-catalysis of the pre- reduction 
equilibrium by acac generated via the reduction. 8-Diketonate anions 
can be further reduced (either electrochemi cally, chemically or both) to 
.. 248- 250 dianion radicals and tr1an10ns . 
Oxidation of the dibenzoylme thanate anion at a platinum 
electrode produces the corresponding radical which may either abstract a 
proton to form dibenzoylmethane or dimerise. Further products are of 
. 251 h importance in longer time scale exper1ments . At t e dme however, a 
+0 ' 3 
+0 · 1 
-0 ' 1 
"lOMe • OMe lOMe 
-0 ' 3 
-OA -0 ·2 o fO '2 
J,' iyure 6 - 2 . S ubstituent dependence of the reduction pot e nt ials of a ryl-
s ubstituted 1 , 2-dithioliurn ca tions , and of the oxidation potentials 
of aryl- substitu ted dithio-8-diketonate anion s . 6Ep = E l l? r eferred 
to that of phenyl - s ubs titute d derivative ( X = X' = H as zero , Up = 
s ubstituent coefficient from refe rence 145 . ~E~ v a lues cdlc u lated 
I rum data in reference 25 7 . 
"somewhat irreversible" a nodi c wave in the case of the acetylacet ona t e 
anion has been attri buted to electrode oxidation. 252 ,253 This 
Hg + 2acac ~ Hg(acac) 2 + 2e 
253 wave is, of course, not observed at a platinum e lectrode. 
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Not unexpectedly, no anodic behaviour has been observed for 
substituted 1,2-di thiolium cations. However, their cathodic behaviour 
at a plantinum electrode has been extensively studied in dichloromethane 
d " 1 l ' 2 54-25 7 an acetonltrl e so utlons. 
1, 2-Dithiolium cations undergo three successive reductions, 
the first of whi ch produces a radical species (II). The stability of 
II 
258 this radical had been predicted on theoretical grounds, and its 
existence has been verified by esr spectroscopy. Reaction (1) is at 
least quasi-reversible with respect to the rate of the heterogeneous 
charge transfer, and has a substi tuent dependent E1 / 2 (Fig. 6-2). 
Coulometric analysis established that one electron is transferred per 
dithiolium cation. 
(1) 
Radical II undergoes a monomer/dimer equilibrium (2), the 
magnitude of K being dependent on both the temperature and the nature of 
the substituent R3 • Thus, when R1 = R2 = Ph , and R3 = H (I Ia), K is ve ry 
large, IlIa may be isolated at room temperature, and the reduction of Ia 
is chemically non-reversible. However, when R1 = R3 = Ph , and R2 = H (lIb), 
K is small, the reducti on of Ib is reversible, and the reduction product 
(lIb) gives a room temperature esr s i gnal. This signal disappears at 
-80 0 and reappears on warming, indicati ng complete, reversible 
conversion to the dimer at low temperature. 
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S 
R2 
RI 
R'H R3 K R, (2) ::::.. 2 ( .) " 
s s s S 
II III 
Spectrophotometric studies establish that only 40% of the 
reduced species lIb is in the form of the radical at 25°. The 
reversibility of the reduction of Ib at 25° indicates that dissociation 
of the dimer IIIb must be very rapid. Although electronic effects are 
important, the position of the equilibrium(2) is primarily dependent 
upon steric factors. Thus, Id (R 1 = Ph , R2 = H, R3 = Me) and Ie 
(R1 = R3 = Me , R2 = H) give only very short- lived radicals . 
The reduction of the radicals II is chemically non-reversible. 
This non-reversibility has been accounted for in terms of initial 
formation of the anion IV followed by rearrangement to the dithio-B-
diketonate anion V, the existence of which was postulated as a 
R2 R2 R2 
R'HR3 e R'NR3 RI(0R3 ( . ~ . /- \ • I \ Sl J S \ I S S S S 
II IV V 
consequence of the similarity of the visible spectrum of Vb (A 483 rum, 
max 
log E: - 4.4) with those of the nickel and zinc chelates of dithio-
dibenzoylmethane . The dithio- B-diketonate anions V undergo reve rsible 
one-electron reductions to the dianion radicals VI and oxidation to the 
radicals II. Although reduction of the dithio-B-diketonate anion is 
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R2 R2 R2 
RIHR3 '" -e RI(:JR3 e .,.RI (;(3 
/ "-
I • ; r I < I I S S S S S- 2 S 
II V VI 
electrochemically reversible, the product radical dianions could not be 
isolated. 
6-2. EFFECTS OF STRUCTURAL AND RELATED VARIABLES ON 
THE ELECTROCHEMISTRY OF TRANSITION METAL COMPOUNDS 
In the study of transition metal chelates, it is apparent that 
many modifications of the compounds affect the electrochemical 
199 259 
response . ' Thus the redox process (i.e., combinations of k , El~2' 
S 
D , D , etc.) of a transition metal chelate can be expected to be o r 
influenced by 
(a) whether the redox process is metal- or ligand-based. 
(b) the nature of the metal ion (e.g., electronic configuration, 
oxidation state, etc.), 
(c) ligand isomerism. 
(d) the geometry about the metal ion . 
(e) substituents on the chelate ring. 
(f) the size of the chelate ring. 
(g) the amount of unsaturation within the ligand. 
(h) the chelate ring donor atoms. 
(i) the lability of members of the redox couple . 
Any weighted combination of these factors may contribute to 
the electrochemical behaviour. A choice of a suitable series of closely 
related compounds often enables the effect of any of the above variables 
to be gauged while the other factors are kept constant, and in 
favourable cases the El/2 value of a particular compound may be 
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. 260. 0 pred~cted. S~nce the magnitude of E is clearly of fundamental 
importance in any redox-based appl ications of such compounds (e .g., 
stability of unusual oxidation states, use as a reductant or oxidant, 
oxygen transport and other biochemical properties), a knowledge of the 
effect of the structural and constituent variables upon EO is germane to 
the problem of designing a compound with predictable properties to fill 
such needs. 
(a) METAL- AND LIGAND-BASED PROCESSES 
Perhaps the most basic differentiation to be made in any 
discussion of the electrochemistry of ligated metal ions is whether the 
metal or the ligand undergoes the redox process. This is emphasised by 
the current interest in compounds with chela ted metal ions in unusual 
" 154 260-264 formal ox~dat~on states. ' 
The extreme cases of a purely metal-based or purely ligand-
based oxidation or reduction are often an oversimplification, since the 
molecular orbitals of a chelate compound will have both metal and ligand 
parentage. Whether a redox process is metal- or ligand-based cannot be 
established from isolated electrochemical measurements. Certainly, the 
observation of reversibility is no criterion. Comparative electro-
chemical studies can sometimes be useful, although care is needed in 
their interpretation. For example, a chelate ring substituent-dependent 
El/2 is not necessarily indicative of a ligand-based redox process, as 
has sometimes been implied. The most critical approaches to 
establishing the amount of metal character of the redox orbital are 
structural and, in particular, esr investigations of the redox product. 
In some circumstances, an esr signal may be broadened, or even not 
observed, so that such studies should always be augmented by magnetic 
. . . 265 suscept~b~l~ty measurements. 
The need to assign the redox process as metal- or ligand-based 
is best illustrated by the familiar example of the planar bis(dithiolene) 
z 
complexes, [M(S2C2R2)2] (z=0,-1,-2). These compounds are related by 
well-defined one-electron transfers o With some ligands of this type, 
the series has been extended to the z = 1 and z = 2 
. . 165,244,266,267 der~vat~ves. Early descriptions of these compounds 
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included dinegative ligands with the metal in oxidation states IV 
(z = 0), III (z = - 1) and II (z = -2) ,268,269 or two radical anion ligands 
with a univalent metal for z = - 1. 270 It is now generally accepted from 
structural and esr data that the electron t ransfer series are based 
predominantly on the ligand, the metal retaining a formal oxidation 
state of II. 243 
2271 Interestingly, recent reports ' establish Lh(' ( ' X l s L '11 (;(' 
of [Ni(S2C2 (CN) 2 )2J -3 in which the nickel is assigned an oxidation state 
of I on the basis of esr data . 271 The z = -2 to z = - 3 reduction is thus 
metal- based, in contrast to the other ligand- based couples. 
Other examples of electron-transfer series incorporating both 
ligand- and metal- based processes are provided by metalloporphyrins. 265 
Thus, nickel (II) (Tetraphenylphorphyrin) undergoes a metal-based, 
followed by two successive ligand- based oxidationst 
[Ni(I+)TPP) 1.00 Y [Ni(III)TPP)+ 1.10 Y [Ni(III)TPP)o+2 
1.40 Y [Ni(III)TPP]+3 
Similar series exist for [Co(II)TPP) and [?e(II)TPP], the metal- or 
ligand-based characters of the redox processes being established by esr 
and spectra data. 
Establishing the ligand- or metal- based character of a redox 
process is obviously of fundamental importance in the discussion of the 
electrochemistry of metal complexes. Interestingly, the criteria of 
(1) a high concentration of charge on the donor atom and (2) the ability 
to delocalise the positive charge associate d with the electron removal 
264 from the complex were recently suggested as being important in the 
stabilisation of high metal oxidation state s, and thus, presumably, in 
promoting metal-based oxidations (although this is complicated by the 
paradox that highly negative ligands are susceptible to oxidation). 
t The notation of ref. 265 has been adopted. Thus, in this example, 
[M(A)TPPJ mon + designates a tetraphenylporphyrin derivative of the 
metal M in oxidation state A, the complex having an overall charge of 
+n and with m unpaired electrons on the ligand. 
IJ 
x: :x: 
v 
\ 
t 
,. 
-
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(b) THE METAL ION 
If it can be established that the electron-transfer is metal-
based, then the nature of the metal ion is clearly important; relative 
EO values often being rationalised in terms of the number and 
distribution of d-electrons. A simple example is provided by 
consideration of high spin octahedral complexes of trivalent 
and manganese. Reducing Cr(III) (t 3) wO'..lld be expected to 
2g 
chromium 
be more difficult than reducing Mn (III) (t 3eg l) to high spin Mn(II) 2g 
(t2g3eg2), since Cr(II) will be destabilised with respect to Cr(III) as 
a consequence of either the energy difference between the t and eg 
2g 
orbitals (Cr(III) t 2/ +high spin Cr(II) t2g3egl) or the pairing energy 
of the d-electrons Cr(III) + low spin Cr(II) t 4), with contributions 
2g 
such as the exchange energy of the lone eg electron in high spin Cr(II), 
and the loss of the stability due to a half-filled subshell in Cr(III) 
providing further complications. Accordingly, it has been found that 
for the redox behaviour of the octahedral M(dtc)3 chelates with the same 
substituents. 
.. The observed resistance of CoIII[t26) and 
CrIll [t2 3) compared with MnIII[d 4 ) and FeIII [d 5 ) to both 
oxidation and reduction correlates well with the marked 
stability associated with the filled and half-filled t2 
subshell. .. 272 
Similarly, the observation of a single facile reduction of the 
M (SacSac) 3 (M = Fe, Ru, Os) chelates has been corre"late d with the 
completion of the stabilised metal t 2g subshell . 
169 
Allied to the effects on El/2 due to the distribution of 
d-electrons occasioned by the ligand-field splitting, are those due to 
the number of d-electrons and the metal oxidation state. Vasilevskis 
and 01son
273 
have collected data on the oxidation of a number of metal 
complexes of the Me 6 [14)aneN4 macrocyclic ligand, and argue that an 
increase in the number of d-electrons makes the oxidation of M(II)L more 
difficult (Table 6-1) and that the ease of oxidation of complexes with 
the same number of d-electrons decreases as the oxidation state 
increases (Table 6-1). They comment further that a change in oxidation 
state has a greater effect on El/2 than does a charge of the same 
magnitude in the number of d-electrons. Unfortunately, the data are not 
extensive enough to yield general conclusions about the effects of these 
, 
i i 
Table 6-1. Variation of El/2 with oxidation state and metal d - orbital 
population for metal- Me 6 [l41aneN 4 complexes (after ref . 273) . 
Electrode Reaction 
(a) d - electron effect 
d 7 Co (II) 
-
Co (III) 
d 8 Ni(II) --+ Ni (III) 
d 9 Cu(II) 
-
Cu (III) 
(b) oxidation- state effect 
d 9 Cu (II) 
-
Cu (III) 
d 9 Ni(I) --+ Ni (II) 
d 8 Ni(II) -----+ Ni(III) 
d 8 Co(I) 
-
Co (II) 
+ e 
+ e 
+ e 
+ e 
+ e 
+ e 
+ e 
+0 . 08 
+0. 88 
+1.22 
+1.22 
- 1.57 
+0 . 88 
- 2 . 03 
variables (for example, the obviously important effect of varying the 
charge on the compound is not cons idered. The ordering of the 
reductions of a series of metalloporphyrins has, for e xample, been 
tt °b t d tO O h h 1 0 d 274) a r1 u e 0 1ncreas1ng c arge on t e 19an s. ; however, both 
effects can be rationalised simply on electrostatic grounds. 
The presence of a high spin ~ low spin equili brium in either 
member of a redox pair will further complicate the electrochemistry. 
This effect is manifest by the octahedral Fe(dtc)3 n complexes . For 
75 
o 3+z z 
example, it has been estab11shed that [Fe (Et2dtc) 3] changes from low 
spin (d 4 ), through a mixture of high and low spin (d s ), to high spin 
( 6) 0 275 d as z = +1,0,-1 respect1vely. Such behaviour might conceivably 
yield separate polarographic waves for the reduction or oxidation of the 
high- and low-spin isomers of an intermediate spin complex. In fact, 
the trend in oxidation and reduction potentials of Fe(dtc)3 complexes is 
simply that predicted on the basis of alteration of the substituents276 
indicating that the redox potential is independent of the metal spin 
state. A theoretical treatment of the reve rsible polarographic 
oxidation of Fe (dtc) 3 undergoing a very rapid spin interaonversion with 
III IV III II 
an equilibrium constant K predicts only one Fe ~ Fe (or Fe ~ Fe 
reduction wave) oxidation wave, with 
E - EO + RT Zn [1 +K KJ 1/2(meas) -, Fe(IV)/h.s. Fe(III) F 
and that 
E1f2 (meas) - E;e(IV)/h.s. Fe(III) < 17.8 mV, 
o f 0 0 0 0 276 the measured potent1al there ore be1ng a good approx1mat10n to E • 
A metal-based redox process will effect a change in the size 
of the chelated metal. If the donor atom set is constrained relatively 
rigidly about the metal atom, as in the case of some macrocyclic 
ligands, then the change in size of the metal upon reduction or 
oxidation may make the redox process unfavourable, if the metal-donor 
atom distances cannot adjust accordingly. Thus, the reduction of 
Ni(Me 6 [14]aneN4 ) is favoured over the reduction of Ni(Me 6 [16]aneN 4 ), 
o 0 260 h O whilst the revers~ order holds for the ease of oX1dat10n. In t 1S 
case, the redox processes are reversible. However, if, for example, 
significant structural changes were necessary to accommodate a metal ion 
z 
~x 
y 
tro n S 
p 
p~l~co 
M p~I~CO 
p 
CIS 
~igure 6-3. Orbital level splitting scheme for trans- and cis-
M(CO)7(DPE)7 complexes . From reference 279 • . 
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in a macrocyclic ligand "hole" after reduction or oxidation, then the 
redox process may be rendered non-reversible. The electrochemical 
behaviour of Pb(II) and Sn(II) porphyrins has been interpreted in terms 
of a decrease in metal ionic radii accompanying metal oxidation. 277 ,278 
(c) LIGAND ISOMERISM 
An interesting corollary to the effect of the metal ion upon 
the redox process is that perturbations of metal ion orbital energies 
can be reflected in metal-based electron transfers. Thus the 
observation of separate oxidation and reduction potentials for the cis-
+n 
and trans-isomers of [M (CO) 2 (DPE) 2] (n = 0,1,2, DPE = bisdiphenyl-
phosphinoethane) has been attributed to changes in the splitting of the 
d b ' 1 ' h ' , ) 279 
-or ~ta s ~n t e ~somers (F~g. 6-3 . These splittings derive from 
the differing steric and electronic effects of the ligands in the two 
geometries, and result in the cis-configuration being favoured for the 
low metal oxidation states, and the trans-configuration being favoured 
for higher oxidation states. The cis-M(O) compounds, then, are 
invariably harder to oxidise than the trans-M(O) species, and although 
the product of the cis-M(O) oxidation is initially cis-M(I), this 
rapidly isomerises to trans-M(I). A particularly elegant example of 
th
' h ' ' d d b l ' 1 ' d ' 229 ~s P enomenon ~s prov~ e y cyc ~c ac vo tammetr~c stu ~es on 
Obviously, geometric isomerism originating at a site 
sufficiently distant from the metal ion to preclude isomer-induced 
variations in the d-orbital splitting will not be reflected in the 
electrochemistry. Thus, no difference is apparent in the reduction 
potentials of cis- and trans-M (OEtSacSac) 2 (M = Pd, Pt ) 2 VII and VIII. 
However, should geometric isomerism in complexes undergoing 
metal-based electron transfers lead to d-orbital splittings of different 
types or magnitudes, then the cis- and trans-isomers are expected to 
undergo redox processes at different potentials , similarly to the 
+n 
[M(CO)2 (DPE)2] complexes above. This effect should be observed, for 
example, in possible cis- and trans-isomers of M(diars)C1 2 complexes 
, 280 h' h h " 1 which are of current ~nterest and w ~c · ave s~m~ ar symmetry 
properties to those of M(CO)2(DPE) 2 compounds . 
Meln(oEI 
S\ /S 
M 
/\ 
s S 
Me~OEI 
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(d) METAL-ION GEOMETRY 
VIII 
A similar effect to that discussed above is provided by 
compounds which undergo square planar ~ tetrahedral isomerism. On the 
basis of the different d-orbital splittings, separate El/2 - values are 
expected for metal-based redox processes of each isomer if the 
interconversion rate is slow. The electroc hemistry may, of course, be 
. h k· . f h . . 202,236 compll.cated by t e l.netl.CS 0 t e l.nterco:lversl.on, and the 
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possible similar equilibria of the redox products. In the limit of slow 
interconversion between isomers, two waves (or sets of waves for 
consecutive electron transfers) are expected. 
Square planar ~ tetrahedral equilibria are well established 
d 25,31,281 for many divalent metal bis(chelate) compoun s. Two examples 
allied to the compounds of the present work are provided by Ni(NRacSac)2 
t t 
complexes (IX) and by Co(Bu SacBu aC)2 (X). 
:5) C4 Hg :5) Ni/ Co" , , 
N 0 , CH 3 C4 Hg R 2 2 
IX X 
Table 6- 2. Variation of mole fraction of 
Ni(R- SPhHH)2 in tetrahedral form (Nt) with R (af t er ref . 31) . 
R t -Bu i - Pr Ph 
1.0 0 . 43 0 . 31 0.02 
2 
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Complexes of type IX ha ve been extensively studied by nmr and 
magnetic susceptibility measurements , and their equil i bria are we ll 
characterised. The data of Table 6-2 indica te that the tetrahedral 
geometry is favoured by complexes with bulky R-groups. Accord i ngly, 
electrochemical investigations of a series of compounds I, wi th R-gro ups 
chosen so as to provide examples of "p ure " t e trahe dra l, "pure " square 
planar and mixed geometries can b e envisage d. 
The compound X is of especial interest, as it is the 
intermediate member of the series Co04 (XI), Co02S2 (X) and CoS4 (XII). 
0 
C4 H9 
Co I) 
'0 
C4 H9 2 
XI XII 
2 
Co0 4 is known to be a 
square planar monomer 
30 
tetrahedral monomer and CoS 4 is expected to be a 
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analogous to CO(SacSac)2. Nmr and magnetic 
susceptibility studies establish that Co02S2 undergoes a temperature-
dependent square planar ~ tetrahedral interconvers~on, with the 
25 tetrahedral form being favoured at high temperatures. Donor atom 
effects on the electrochemistry have been e stablished by the present 
work, and so the series, X, XI, XII, should provide a partic ula rly 
use ful e xample o f t he i nflue nce on the e l ectrochemi stry of c hanges i n 
the me tal g e ometr y i nduce d by alte ration o f the donor atom. 
(e) SUBSTITUENT VARIATION 
The effect of substituents upon E l/2 essentially arises from 
the ability of substituent variation to stabilise the compounds 
undergoing the redox process. Irrespective of whether the electron 
transfer of a metal chelate is ligand- or metal- based, the chelate ring 
substituents exert an often profound influence upon the E
l/2
-values. If 
the redox process is ligand-based, then the substituents can be 
Table 6-3. Half-wave potentials for reductions of 
+ cP2VL compounds (after ref. 179). 
L 
O-methyl xanthate 
o-ethyl xanthate 
O-isopropyl xanthate 
o-(n-buty1) xanthate 
o-cyclohexylxanthate 
N-methyldithiocarbamate 
N,N-dimethyldithiocarbamate 
N,N-diethyldithiocarbamate 
N,N-diisopropyldithlocarbamate 
N,N-di(n-butyl)dithiocarbamate 
E l/2 , V VS. Ag-AgCl 
-0.243 
-0. 254 
-0. 274 
- 0.288 
-0.300 
- 0 . 418 
- 0.416 
- 0.415 
-0.428 
-0.422 
anticipated to effect El/2 in a manner ana l ogous to that observed in 
. 1 145 
organlC mo ecules. Thus, a plot of the sum of the Hammett 
substituent coefficients (LO) against El I 2 for the z = - 1 to z = - 2 
reductions of nickel bis(dithiolene) complexes is a straight line243 
described by 
O. 74 LO - O. 90 
P 
illustrating that the presence of electron withdrawing substituents 
facilitates the reduction. 
It might be argued that a metal-based electron tran:;fcr will 
be unaffected by substituent variation, and the substituent-depende nce 
of El/2 has (incorrectly) been used as a criterion of a ligand-based 
282 
redox process. However, in simple valen ce bond terms, or on the 
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basis of electrostatic arguments, if the i~ductive effect of the 
substituents can be transmitted through the ligand and thereby influence 
the amount of electron density on the metal, then substituent variation 
will affect E l/2 • 
The influence of 1,2-dithio-chelate ring substituents upon 
metal-based processes is quite marked. Thus, a comparison of the 
effects of xanthates (XIII) and dithiocarbamates (XV) as L on the 
IV III +n 179 
V Iv couple of [cP2VL] compounds (Table 6-3) shows that those 
compounds with xanthate ligands are easier to reduce than those with 
dithiocarbamate ligands. This effect can be rationalised in terms of 
the greater contribution of canonical structure XVI to the electronic 
structure of the dithiocarbamates, compared with the contribution of XIV 
to the. xanthate structure, resulting in mor e negative charge in the 
vicinity of the metal centre when L = dithiocarbamate. Then, 
-5 
'" /C-OR 
5 
XIII 
-5 
"'+ /C-OR 
-5 
XIV 
Table 6- 4. Half- wave potentials for oxidatio ns o f ferric 
and cupric complexes of the 1, l - dicarboethoxy- 2,2-
ethylenedithiolate dian ion (ded). 
Electrode Reaction El/2 , V Ref . 
FellI (ded) 3 - 3 ~ IV -2 Fe (ded) 3 + e - 1. 20 261 
CUll (ded) 2-2 ~ CUI II (ded) 2- + e - 0.50 262 ...... 
xv XVI 
" If the electron- donor capacities of the various 
chelates are important, a larger ligand to metal charge 
donation should stabilize the more electropositive 
vanadium (IV) system (d 1 ) in preference to the vanadium(II I) 
2 
system (d) . Such an effect should lead to El/2 values 
generally occurring at more negative potentials , and in fact 
..• the ease of reduction correlates quite well with the 
amount of charge donated. "179 
Certainly, the amount of charge donated is of importance, as 
the most difficult of these compounds to reduce are those with the 
dianionic ligands , mnt (XVII) and cdtc (XVIII) . 
-8 CN 
-8 
mnt 
XVII 
-8 )=N-CN 
-8 
cdtc 
XVIII 
80 
An extreme example of the ability of ligand negative charge to 
stabilise products of electron transfer is provided by the extra-
ordinarily easy oxidations of Cu(II) and Fe(III) complexes of ded (XIX) 
(Table 6_ 4) . 261 ,262 
This influence of ligand negative charge on the stabilit ies of 
products of metal-based electron transfer is confirmed by the isolation 
and characterisation of high metal oxidation state compounds of ded and 
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-s 
-s 
ded 
XIX 
dtc, where ligand structures such as XVI and XIX are of 
. 154,261,262 ~mportance. 
More subtle inductive effects upon redox behaviour are 
revealed upon variation of the xanthate -R group in the [cP 2V (xanl)+ and 
. f 179,180 Fe(xan l 3 ser~es. In the ormer, the order of ease of reduction 
Me > Et > Pr > Bu > cyclohexyl 
was observed, this being paralleled by the order 
276 in the latter. 
Me > Et > i-Pr 
In the dithiocarbamates, the substituent effect is still more 
complex; the detailed nature of the R,R' substituents becoming 
important. Thus, dithiocarbamate substituents may be ordered on the 
basis of their inductive capabilities, and via the series (for 
. f d ' l276 decreas~g ease 0 re uct~on 
{
aryl Substituents} 
Ph 2 > Ph, Me 
> {saturated Chains} > 
Me 2 > Et2 
{
a-branched" saturated} 
cha~ns 
i-Pr 2 > c-Hx 2 
A steric effect of the estimated RNR angle was also note d; 
reduction becoming more difficult as this a ngle increases. 
ease of reduction azetidine > pyrollidine > Et -piperidine> (cyclohexyll 2 
no. of ring atoms 4 5 open 6 open 
-0-8 
_0_4 o(~J'/-' 
3 
o 
-0-4 
- 0 -8 
- 1- 2 
-0-3 o - 0 - 3 - 0 -6 -0-9 
Figure 6-4. Substituent dependence of El/2 for ruthenium 
tris (p-dikctonato) complexes. Om values from reference 145 . 
El/2 values from refere nce 112 . 
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The substituent effect has been observed in the reductions of 
B~iketonato complexes. In Figure 6-4 , Ea is plotted against El/2 for 
the reductions of a series of trivalent rut henium tris(B-diketonato) 
complexes and the linear relationships 
Ell 2 (V) 
E 1I2 (V) 
= 0.381 Ea - 0.448 
P 
0.548 Ea - 0.605 
m 
have been obtained. 112 Although the substituent dependence of the 
oxidations of dtc complexes parallels that of their reductions,276 no 
substantial substituent effect was observed for the quasi-reversible 
one-electron oxidations of the ruthenium(III) B-diketonates. Holm has 
suggested that this behaviour indicates that uncomplicated chemical 
oxidation to ruthenium(IV) oomplexes might be di£ficult to achieve. 
However, the resul.ts of the present work (vide infra) indicate that the 
quasi-reversibility may be a function of the slow charge transfers 
expected for oxygen chelates at a platinum electrode and that therefore, 
stable ruthenium (IV) B-diketonates may be synthetically accessible. 
Sucoessive one-electron reductions of tris(B-diketonato)-
chromium (III) chelates have also been shown to be subject to the 
o fl f th 1 t 1 0 f th sub. sUo tuents. 283 Ln uence 0 e e ec ron-re eas~ng powers 0 e The 
results suffer somewhat from the lack of et;>mplete reversibility of the 
reductions, however, the dependence of El/2 upon substituent is clear, 
the straight line dependenoes of the first and second reduction 
potentials upon Ea being described by the equations 
m 
first reduction 1. 33 Ea - 1.45 or 0.94 Ea -1.37 
m p 
seoond reduction 1.22 Ea -1.91 or 0.90 Ea -1.83 
m p 
The effect of substituents on the El/2 of M(acac)n complexes 
reported range of Ell 2 values being 1. 76 V when is quite marked, the 
o 283 M= chro~um, o 112 0 7 h 1.84 V when M= ruthen1um, and. 3 V w en 
M = copper. 284 
Substituent effects have also been observed for the reductions 
of divalent nickel dithio-B-diketonates. 2 The relationship 
El/2 = 1.229 Eam-0.784 
x <~ x c: (
xe 
xe 
....... 
....... 
....... + ...... -1-
....... 
++ 
....... 
++ 
-H- ++ ++ -H-
++ +t ++ +-t ++ +t +-+ 
Figure 6- 5 . Schematic molecular orbit.al energy level diagrams for 
"even" and "odd" unsaturated ligand systems (X = =0, =UR , or 
= 5) • "Odd" or "even" are ligands containing an odd or even number 
of vertical TI - orbitals. Taken from reference 165 . 
has been found to describe the substituent dependence of the first 
reduction steps. 
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The effect of substituents on the E l/2 -values of metal- based 
redox processes is then primarily dependent upon the extent to which the 
redox products can be stabilised by the donation or withdrawal of 
negative charge to or from the metal. Steric effects are also clearly 
of importance and may be a result of the requirements of certain 
substituent orientations for the transmission of inductive effects. 
(f) RING SIZE 
Reductions of macrocyclic complexes of nickel are favoured by 
larger ring sizes , an effect attributed to the increase in size of the 
, k 1 ' d' 260 h ' , , n~c e ~on on re uct~on . T e converse appl~es to oxidat~ons . Th~s 
comparison cannot be extended easily to bidentate chelates which lack 
the more rigid structural constraints of tetradentate macrocycles . 
Variation in the ring size of bidentate chelates is usually 
accompanied by other structural changes, thereby confusing the 
determination of ring size vari ation effects . A very simple approach 
would be to calculate "E 2" when Eo = 0 for the various ring sizes from 1 I 
substituent data. However , insufficient data are available for such a 
correlation . 
The most significant differentiation between ring sizes is 
provided by Schrauzer ' s "odd" (i . e . , ligands with an odd number of ring 
, ' ' f" 165,243 atoms) and "even ' l~gand class~ ~cat~on. 
" Every "odd " unsaturated ligand system will tend to 
exist as a monoanion owing to the presence of the non- bonding 
singly occupied 1TMO in its energy level scheme." (Fig . 6- 5) 
"Since no other low-lying 1T molecular orbitals are present, 
the "odd" ligands usually do not accept additional electrons 
and hence behave "normally". In the four-atom "even " ligands 
the lowest unoccupied 1TMO is only weakly antibonding if the 
two atoms at positions 1 and 4 of the butadiene framework are 
SUlfur . Hence, this system may exist as the neutral ligand, 
the monoanion , or the dian ion • .• ,,165 
and thus , 
" In contrast to the dithiene ligands ..• " 1 , 1- and 
1 , 3- dithio ligands" .•• are' odd 1T-electron systems in t he 
. 
I 
i 
neutral state and therefore will tend to form stable, 
diamagnetic monoani ons. The i r transiti on metal derivatives 
should of course also be de l ocalized, but •• 0 these complexes 
are distinctly different from the dithienes. In particular, 
they wi l l not possess the unusually high electron affinity of 
the dithi enes since the ligands have no tendency to form 
dianions ·· 0 It t hus fo l lows that the complexes of the 1,2-
b i dentate sulfur ligands form a very distinct group of 
compounds whose prop erti es a nd usual structures are not likely 
to be duplicated by other ligand systems. ,,243 
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Unfortunately, Schrauzer's classification has led to the 
misconceptions that "odd" ligand complexes would not undergo ready 
electron transfers, and that the observation of non-reversible waves 
from complexes with "odd" ligands, or reversible waves from complexes 
with "even" ligands support the ideas of Schrauzer, or that the converse 
invalidates them. 2 44 ,285-288 
The ability of both l,l-dithio, 1,3-dithio, and B-diketonato 
chelates to undergo reversible electron transfers and to stabilise a 
variety of metal oxidation states has been convincingly 
abl o h d 2,74,82,144,146, 154 ,169,261,262,272,276,289,290 est ~s e • Thus, any 
implied inability of "odd" ligand systems to undergo ready electron 
transfers is clearly erroneous. Similarly, the degree of reversibility 
of an electron transfer cannot be used to test Schrauzer's 
classification, as non-reversibility is not necessarily indicative of a 
small k value. 
s Furthermore, if a redox process is reversible, then the 
final location of the electron is immaterial. 
The fundamental difference in behaviour between "even" and 
"odd" unsaturated ligand chelates, and one not inconsistent with the 
conclusions of Schrauzer, is that "odd" ligand complexes favour metal-
based, and "even" ligand complexes favour ligand-based redox processes. 
In the framework of Schrauzer's proposals, this is a consequence of low-
lying n* molecular orbitals of predominantly ligand character in the 
compounds of the "even" ligands. 
(g) LIGAND UNSATURATION 
The consequences of increasing the amount of unsaturation in 
the ligand are difficult to gauge. Few compounds provide data for such 
a study, since a change in the amount of ligand unsaturation often 
accompanies other structural variations . However, the EO values of a 
series of ruthenium complexes with varying amounts of unsaturation in 
the ligands have been correlated with the TI- accepting ability of the 
. d 291 l' . l~gan s . Interelectron repu S~on ~n the metal ion is reduced by an 
increase in the amount of metal to ligand TI- backbonding; ligands with 
the greatest TI- acceptor ability thereby stabilising Ru( I I) r elat i ve to 
() . . 2 9 2 Ru III . Th~s argument has be en used by Beatt~e in c ompari ng the 
II III +n +n 
Ru /Ru couples of Ru (en) 3 and Ru (en) 2 (di- imi ne ) (XX) . 
xx 
Similar results are obtained by s uccessive substitutions of 
+n . . 292 k.bo Ru(en) 3 by 1,lO- phenant rol~ne l~gands, the -N-C-C-N - bac ne 
being common to both ligands; and by comparisons between oxi dat i ons of 
+2 ) ( . .. )+2 (XXI) 2 93 (NH 3 )6 Ru and (NH 3 4Ru d~-lmlne • 
XXI 
However, it should be reemphasise d that in all of these cases, 
structural changes in the ligand backbone accompany the changes in the 
degree of ligand unsaturation . 
Half- wave potentials of nickel macrocycles can also r e fl ect 
the effect of ligand unsaturation . 260 An increase in the amount of 
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rJ If nY ( ) ( N) ( N) 
V U U 
NiYNi m Ni~Nim Ni/Ni m 
0 rJ nr= ( :x ( ) U v U 
Ni YNi
m L~/Nim L7Ni m 
x::X 0~ N V C0 
L/'Ni m Ni'l'Ni m L'lNi m 
Figure 6-6 . Ligands L in the complexes NiL~7 of T('feTCllC(, 260 . The 
reducLioll (1<) and oxid.ILion (0) products of N 1/7 clre n'l'n'sclltcd by 
RIO , where R = Ni I signifies reduction to Nil , I< = L' siqnifj 5 
reduction to a ligand radj cal ::;tabilised by Ni II , and 0 = Ni III 
signifies u x jdation to Ni IIIL+3 . 
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t t · · . db · t· h · f . h . II/ . III unsa ura 10n 1S accompan1e y a POS1 1ve s 1 t 1n t e N1 N1 E
l/2
-
value. The stability of Ni
II 
re l ative to NiIII as a consequence of 
increased ligand unsaturation has been attributed to an " ••• increasing 
degree of polarizability of the metal-ligand bond in the more 
unsaturated derivatives." 
The position of ligand un saturation in this series is also 
important. Significantly, in every case in which an a -diimine function 
(XXII) occurs in a neutral macrocycle, reduction of the nickel chelate 
--N N-
XXII 
yielded a ligand radi cal stabilised by NiII, rather than a Nil species 
(Fig. 6_6).260 Those NiL+ compounds with neutral macrocyclic ligands 
containing the a -diimine function (Class A ligands) are structurally 
analogous to the most highly oxidised member of the nickel bis(diimine) 
series of complexes XXIII which have "even" ligands by Schrauzer's 
XXIII 
. . . 243 . h d l · d b ddt · 267 class1f1cat10n, and wh1c un ergo 19an - ase re uc 10ns. Thus, 
the ligand-based character of the NiL+ compounds with Class A ligands is 
not surprising. An interesting corollary follows . Since NiL+ compounds 
. . d . ld . III d f th with Class A ligands are oX1d1se to Y1e N1 compoun s, a ur er, 
as yet unobserved, meta Z- based oxidation of complexes of the type XXIII 
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'ld , III b' , 
to y~e N~ ~s chelates ~s expected. (The analogy between 
'1 " ( -2 , 144 ~soe ectron~c N~ mnt)2 and N~(SacSac)2 led to the observation of a 
t 1 b ' ( - 2 ,2,271 me a - ased N~ rnnt)2 reduct~on. ) Further, it is interesting to 
note that the metal- or ligand-based character of the reductions of some 
complexes containing 1,lO-phenanthroline and 2,2'-bipyridyl ligands is 
st;ll debated.294-297 h f h ' ~ Bot 0 t ese l~gands formally contain the 
di-irnine function. However, in neither of these ligands is an analogue 
of the most reduced form of the di-irnine ligand (XXIV) favoured. 
-N N-
XXIV 
(h) DONOR ATOMS 
Although the electrochemistry (either metal- or ligand-based) 
of transition-metal chelates can be expected to be ~ntimately associated 
with the nature of the chelate ring donor atoms, few studies have been 
1 2,179,298 , , concerned with their ro e. The major reason for th~s ~s 
probably the lack of a suitable series of compounds in which the 
requirements of donor atoms as the only variable, and reversible redox 
processes are met. One of the few systems in which systematic variation 
of the donor atom can be studied is provided by the B-diketonate, 
monothio- B- diketonate and dithio- B-diketonate series of compounds. Such 
studies were undertaken in the present work and are reported in detail 
of Chapters 7 and 8. 
(i) LABILITY OF MEMBERS OF THE REDOX COUPLE 
Redox-based applications of transition metal chelates can 
often be facilitated or precluded by the lability of either member of 
-----
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the redox pair . A simple example is provided by cis- and trans-
+n 279 
M(CO)2(DPE)2 compounds. It was established that whilst the 
previously unknown trans- Mo(CO) 2 (DPE) 2 should be isolable , 
e 
- 0 . 04 V 
attempts to oxidise zero-valent cis- compounds to their monovalent 
analogues would yield only the trans - product at room temperature as a 
consequence of the rapid isomerism 
cis-M(O) ~ cis- M(I) k 
-+ trans-M(I) 
The existence of mixed-ligand ferric dithiocarbamates FeL L' 
x y 
(x + y = 3) can be detected vol tammetrically in mixtures of FeL3 and 
FeL'3' However , these mixed- ligand complexes could not be isolated by 
276 
chromatography because of rapid ligand exchange . In contrast, non-
labile coIIIL L' (x + y = 3) dithiocarbamates hav e been isolated and 
x y 
characterised, and their redox potentials have been found to be linearly 
170 dependent upon successive ligand replacement . 
The ability of Li+ ions to induce co-ordinative relaxation of 
Fe(acac)3 in acetonitrile 
Fe (acac) 3 ~ Fe (acac) 3 - + 2Li + ~ Li2 (acac) + + Fe (acac) 2 
has allowed the "unknown" complexes Fe (acac) 2 +, Fe(acac)+2, Fe(acac) 3- ' 
Fe(acac)2 and Fe(acac)- to be studied electrochemically and 
. 299- 301 spectrophotometr~cally. 
IV + In an extended series of cP2V L chelates (where L is a 
IV III ligand with a sulphur donor atom) , several V IV reductions have been 
. . 179 
shown to be followed by loss of a ligand which then ox~d~ses mercury . 
III 0 [cP2 V LJ 
III 0 [cP2 V LJ 
~ mercury complexes 
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III 
The lability of cP2 V L was dependent on the chelate, k
f being significant when L=dithiophosphate, and very small when 
L=xanthate. In most cases, however, k
f 
was small enough that 
meaningful comparisons could be made between El/2 -values. The synthesis 
of cP2V(SacSac)BF4 in the course of the present work presents the 
interesting possibility of studying the hitherto unobtainable free 
SacSac ligand. A further possible route to SacSac , also a consequence 
of the lability of a redox product , is provided by CO(SacSac)3' which is 
h . . 144 thoug t to be reduced V~a the mechanLsm 
CO(SacSac)3 + 2e Co (SacSac)2 + SacSac 
The substitution-inert behaviour of CollI and the lability of 
II III Co are well known, and a fur ther example of a non-labile Co . 
II 
compound being reduced to a labile Co product is provided by 
+3 by199,302 (CO(dipY)3 J , the electrochemistry of which has been described 
EO 
Co (dipy)3 +3 ~ Co (dipy)3 +2 
t 
Co (dipy)2 +2 
EO 
~ Co (dipy)3+ 
~ 
Co (dipy)2 + } 
Co (dipy)+ 
Thus the possibility that members of the redox pair may be 
labile is an important factor in the interpretation and application of 
electrochemical data . The particular case of labile redox products 
producing redoxactive compounds is discussed in Chapter 9. 
I 
I CHAPTER 7 
I , INFLUENCE OF OXYGEN AND SULPHUR 
I 
DONOR ATOMS ON THE ELECTROCHEMISTRY OF 
TRANSITION METAL TRIS CHELATES 
, 
I, 
I, 
/1 
I 
I, 
I 
I' I, 
~ 
Following the original synthesis of group 8 divalent metal 
1 dithioacetylacetonato (C sH7 S 2 = SacSac) complexes, the range of 
complexes of dithio-B-diketonato ligands has been e xtended to include 
the electron configurations 3 ,35,36,48,52,74 d 3 , d S , d G, d 7 , d 8 , ~nd 
d
lO
• These and the cogeneric acetylacetonato compound~ provide an 
unusual opportunity to compare directly the relative effects of oxygen 
and sulphur in electron-transfer processes. 
Replacement of oxygen by sulphur usually results in spin 
pairing of metal 3d electrons and a tendency to suppress oligomer 
formation by complexes with co-ordinately unsaturated metal 
1,36,37,39 . 
centres. Although empirlcal molecular orbital calculations 
and e ectronic spectral assignments have been attempted for dithio-
1 1 91 . f acety acetonato comp exes, lntense charge-trans er bands obscure most 
90 
of the visible region precluding comparison s with the d-d transitions of 
303,304 the corresponding acetylacetonato complexes. 
Electrochemical studies have been reported for all of the 
74,109,144,167 1 ..
SacSac camp exes. Most of them, In common wlth metal 
f h · 1 hI· d 243,244 d complexes 0 ot er bldentate su p ur 19an s, un ergo one or more 
reversible one-electron reductions. Donor atom effects in the series 
[M_Oq J,246 [M_02 S2 J,298,305 and [M_S q J,243,244 where the ligands are of 
the pyrocatechol type, have been investigated by voltammetry, in an 
endeavour to establish whether the electron-transfer series [M-0
4
J z , 
[M-0 2 S2 J
z (z=2+-+2-), similar to that of the 1,2-dithiolenes, occurs . 
Such studies have been restricted to bis-chelated complexes and have 
often been beset by problems of non-reversibility and low chemical 
stability of the oxygen-substituted systems . Whether the lack of 
reversibility is a function of the structure of the oxygen chelates or 
simply the inability of oxygen to facilitate fast electron-transfer 
218 
steps is unknown. 
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Figure 7- 1. l\c frequency dependence of the ac pola~O<jralJh ic l-leak h eigh t s 
of the first r duction waves o f t he chelatcs _ ., Cr(SacSac ) 3 ; 
., Fe(acach; ., Mn(acac)3 ; A, Cr (acac) 3 _ The h eight of the 
~lateaux are linearly related to ks values _ 
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In the present Chapter, the redox properties of a selection of 
acetylacetonates and dithioacetylacetonates of the transition metals 
Cr(III), Mn{III), Fe{III), and Co(III) are compared in an attempt to 
evaluate the kinetic and thermodynamic consequences of substituting 
oxygen by sulphur in a series of closely related complexes. 
(a) CHROMIUM 
Both Cr(SacSac)3 and Cr(uc ac)3 exhibit two one-electron 
r e ductions a t a dmC' . No o xidation of either compound is ubserv 'd a l 
merc ury or platinum electrodes. The first reduction of Cr (SacSac)3 has 
been shown (Chapter 3) to be diffusion con t rolled and reversible in the 
dc sense , and is affected neither by change s in drop time nor electrode 
material (Tables 7-1 and 7-2). It is also essentially reversible in ac 
p olarography over a wide frequency range. At high frequencies, the 
slight difference between the ac peak potential, [Ed] and E1/2 yields r 
c p 
a. = 0.46; a value close to 0.5 being consistent with the polarographic 
behaviour of all the present compounds. A value of a. = 0.5 is assumed 
in calculations of k for compounds where a. could not be evaluated. s _ 
Although a plot of [I(wt)]pVS . f1l 2 begins to d e vid te from lineurity dt 
very h igh frequencies (Fig. 7-1), this departure is insufficient to 
permit the unambiguous calculation of k , since small terms due to 
s 
uncompensated r e sistance could well explain ~le slight - non- linearity. 
However, it is possible to assign a lower limit to k (Table 7-3). 
s 
The second Cr(SacSac)3 reduction was reported in Chapter 3 to 
be irreversible and assumed to be aSSociated with product degradation. 
This postulate is now confirmed. Only in the limit of short controlled 
drop times (- 0.1 sec) are the heights of the two Cr(SacSac)3 waves 
equal. Cyclic voltarnrnetry at a dme shows t he second wave to be more 
nearly reversible than the corresponding Cr(acac)3 reduction (Fig. 7-2 ) 
and at a platinum electrode establishes that the first electron transfer 
step of Cr(SacSac)3 is also very fast at t his electrode surface 
(Table 7-3). 
Both Cr{acac)3 reduction waves are extremely drop time 
dependent . Only at very short drop times (0.05 sec) are the wave 
heights approximately equal. Cyclic voltarnrnetry at a drne establishes 
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Cr(S.:JcS<.lc)3 -1.1 V. 
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the chemical non-reversibility of the electrode processes of Cr(a~ac)3. 
In ac polarography [E I of the first step, although not markedly dc p 
frequency dependent, is slightly more nega t ive than E)/2 at the same 
drop time . A plot of [I(wt ) I VS . fl/2 for the first reduction is non-p 
l inear up to abou t 100 Hz (influence of chemical reaction) . From 
100 - 500 Hz, a linear plot characteristic of a reversible response is 
obtained. At higher frequencies, curvature consistent with quasi-
reversibility is observed . The calculated value of k, assuming a=O . S, 
s 
is given in Table 7- 3 . 
These data establish that Cr(acac)3 and Cr(SacSac)3 undergo 
s uccessive reductions via the generalised mechanism: 
ks ks 
, 
cr
IIIL3 
...... crIIL3 -
...... I -2 
..- ..- crt~2 1 kl 
Product Product' 
The rate constant, k l , is important only for Cr(acac)3' which probably 
reflects the very negative potential at which Cr(acac)3- is generated, 
rather than any basic mechanistic difference between acac and SacSac 
complexes. At the shorter time scale of rapid drop, or high frequency 
ac experiments, this kl step is no longer observed. Plots of 
Ell 2 VS . Eo (sum of Taft substituent coefficients) for both reductions of 
a series of tris- B- diketonato chromium(III) complexes are approximately 
parallel,283 implying that the overall stereochemistry of the complexes 
is retained upon successive reductions . 
Substitution of sulphur for oxygen shifts both reductions to 
more positive potentials, and enhances the rate of electron transfer . 
In the absence of double layer corrections, the large difference in El/2 
produced by altering the donor atom precludes quantitative comparisons 
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of k values . Even so, the present trend k (0) < k (S) is also 
s s s 
observed with the analogous divalent nickel complexes where the change 
in E l / 2 upon altering the donor atom is much smaller (Chapter 8) . 
(b) MANGANESE 
For Mn(acac)3 both oxidation (complex wave, centred at 
- +0 . 6 V) and reduction waves were observed at a dme , the El /2 of the 
a 
b 
Table 7-1. Dependence of El/2 on drop time. 
E1I2 (V) at Stated Dr op Time a Compound 
4.93 b 1.98 b 1.0 b 0 . 5 b 0.17 b 
Mn (acac) 3 +0.028 +0 0027 +0.027 +0.025 +0.024 
Fe (acac)3 -0.576 -0.575 -0.578 -0.578 -0.576 
Co (acac)3 -0.250 -0.270 -0.293 -0.298 
Cr{SacSac)3 -0.493 -0.493 -0.492 -0.493 -0.492 
The merging of the two waves of Cr (acac) 3 at long drop times 
precluded such studies on this oompound, as El / 2 could be 
calculated only at short drop times. 
Drop time (sec). 
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latter wave being drop time dependent (Table 7-1). A lack of any major 
asymmetry in the ac reduction wave, and the relative invariance of 
[Ed] with frequency are consistent with the charge transfer c p 
coefficient close to 0.5 assumed in the calculation of k (Table 7-3). 
s 
The reduction process was sensitive to traces of oxygen, and 
to the working electrode material, as evidenced by cyclic voltammetry at 
mercury, platinum and silver electrodes. Differing 6E values were p 
observed at the same scan rate at these electrodes, indicating the 
different k values at the various electrodes. No oxidation wave was s 
observed at a platinum electrode, this being consistent with a very slow 
charge transfer step, which would shift the wave to considerably more 
positive potentials than EO and outside the solvent range. The more 
negative El/2 observed for the reduction process at platinum compared 
with mercury can be attributed directly to the relatively small k value 
s 
at this electrode surface (Table 7-3). 
Due to the proximity of the oxidation wave to the anodic limit 
at a dme, it could not be fully characterised; however, the Mn{acac)3 
electrode behaviour is consistent with the electron transfer series 
Certainly the lack of evidence for disproportionation of the reduced 
h .. 1 . . f [( )] 306 species is consistent wit the chem1cal 1S0 at10n 0 Na Mn acac 3 ' 
and, in contrast to the chromium chelates, the lack of reversibility 
seems to be a function only of the small k. Unfortunately, attempts to 
s 
synthesise Mn{SacSac)3 have, so far, proved to be unsuccessful, and, in 
view of the shift of El/2 to more positive values upon substituting 
oxygen by sulphur in chromium (III) B-diketonates, the manganese{II) 
complex Mn{SacSac)3 may offer a better prospect for isolation by 
synthetic procedures. 
(c) IRON 
Fe{acac)3 undergoes a single, one-electron reduction at a dme, 
some departure from reversibility being evident. A plot of 
[I{wt)] VS. fl/2 deviates from linearity at high frequencies at a dme 
p 
Table 7-2. Voltammetric behaviour of the first reduction waves of the complexes: 
dc polarographic data at controlled drop time of 4.93 sec. (Cr(acac )3 value from ac polarography.) 
compound 
E1I2 (Hg) (V) 
Ell 2 (Pt) (V) 
- 1 20 mV sec 
-1 100 mV sec 
IE -E I (Pt) (mV) 
c a 
-1 20 mV sec 
- 1 100 mV sec 
a 
b 
c 
d 
Cr(acac)3 
-1. 72 
Mn(acac)3 
+0.028 
-0.27 
-0.30 
240 
465 
Fe (acac)3 
-0.576 
-0.590 
-0.600 
85 
135 
Co (acac)3 
-0.250 a 
-0.81 
-0.92 
Cr(SacSac)3 
-0.493 
-0.487 
-0.492 
70 
75 
Fe (SacSac)3 
-0.23 b 
El/2 (Hg) determined over the concentration range 4.62 x 10- 5 to 9.23 x 10- 4 M. 
From reference 169, corrected by comparison with shift in Cr(SacSac)3 value. 
From reference 144. 
S.V. Evans, A.R. Hendrickson, and R.L. Martin, unpublished results. 
Co (SacSac)3 
-0.7 c 
-0.649 d 
-0.668 d 
56.5 d 
78 d 
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(Fig. 7-1), enabling k to be calculated using Cl _ 0.5. This value of Cl 
s 
is consistent with the polarographic data, and is confirmed by the very 
11 d . ] 307 sma rop t1me dependence of [E • 
dc p 
Cyclic voltammetry at a platinum electrode at scan rates 
between 0.02 and 5 V sec- l substantiates the lack of complete 
reversibility at a platinum surface (Table 7-3). The El/2 value is also 
dependent upon the electrode material (Tables 7-2 and 7- 3), reflecting 
the different k values at the different electrode surfaces. s 
Dissociation of Fe (acac)3 has b een demonstrated to be quite 
1 299,300 s ow, and does not influence electrochemical experiments 
performed on a rapid time scale. Thus, the redox processe s of the two 
compounds may be represented by 
k 
Fe (SacSac)3 ~l 
Fe (acac)3 
(d) COBALT 
Fe (SacSac)3 
Fe (acac)3 
(Ref. 169) 
Fe(acac)2 + acac 
where k 
sl 
Two Co (acac)3 reduction waves are observed .at a dme at low 
concentrations (5 x 10- 5 to 9 x 10- It M), the first wave having a 
concentration independent El / 2 , and a limiting current varying linearly 
with concentration. The second wave (E l /2 - - 1. 77 V) is almost equal in 
height to the first (controlled drop 4 . 93 sec) and is found at 
approximately the potential reported for the first reduction wave of 
Co(acac) 2 "H20 in acetonitrile .
299 These data yield the diffusion 
coefficient of Table 7-3. At higher concentrations, the El/2 of the 
first wave is dependent upon concentration and drop time (Table 7-1). 
Some perturbation in the current/voltage plateau region is evident in 
the first wave at high concentrations, but at short drop times one wave 
only is observed in the region of the first reduction. The shape of 
the dc polarographic wave is consistent with Cl- 0 . 5 and a slow electron 
transfer, the assumption of slow electron transfer being validated by ac 
polarography, where only a small current per unit concentration response 
is observed, the wave height being essentially frequency independent. 
Table 7-3. Parameters calculated for the complexes. 
a b 
D k (Hg) k CPt) Compound a s s 
(cm 2 -1 2 - 1 3 - 1 sec ) x 10 (cm sec ) x 10 (cm sec ) 
Cr{SacSac)3 2.4 x 10-s 0.46 > 100 19 
Cr{acac)3 0.5 c 2.3 
Mn(acac)3 2.6 x IO- s 0.5 c 6.8 < 0.9 
Fe (acac)3 2.6 x 10- 5 0.5 C 13 7.2 
Co (acac)3 2 .0 X IO- s 0.5 c 
a k (Hg) determined by ac polarography at a controlled drop time of 
s 
b 
4.93 sec. 
k CPt) determined by cyclic voltammetry at a sca~ rate of 20 mV sec- 1 
s 
Assumed (see text). 
In addition to slow electron transfer, chemical non-
reversibility of this electrode process would also seem to arise from 
loss of acac- Cyclic vol tarnrnagrams at a drne show an anodic wave at 
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E - +0.05 V, t he potential of which is concentration dependent and which p 
has been shown to be due to acac- by addition experiments . Murray299 
has demonstrated the possibility of acac loss following Co(acac)3 
reduction. For the following mechanism, 
an analysis similar to that of Murray, with the assumptions of Nernstian 
elec tron trans f e r and complete dissoci ation of ML3 to ML
2
, yields the 
relationship El 1 2 a: - log (L -). Although the electron transfer of the 
Co(acac)3 reduction has been shown to be irreversible, the qualitative 
effect of added acac- is likely to be the same as for Nernstian electron 
transfer. Thus, the p redicted ne gative shift in El/2 of the Co(acac)3 
reduction with increasing concentration of added Na(acac) is observed (a 
shift to El / 2 ~-0.42 V being observed at a drop time of 0.5 sec, with 
the Co(acac)3 solution saturated with Na(acac)), and provides fUrther 
confirmation that acac- is a product of the reduction. 
Thi s first reduc tion wave is markedly electrode dependent , 
being shifted cathodically by 600 mV on changing from a mercury to a 
platinum electrode (Table 7-2) . The only other electrode process in the 
range +1.3 V to - 1.2 V on platinum is a small oxidation peak observed in 
cyclic vo l tarnrnagrams atE = +0.44 V, this being close to the p 
polarographic El / 2 value reported for the oxidation of Co(acac)2. H20 299 
(+0 . 32 V) . This wave may not be correlated directly with the value 
at platinum; however, the shift in El / 2 on changing electrodes is in 
the expected direction. The anodic wave of acac- observed at a dme 
involves mercury compound formation; no corresponding anodic wave is 
observed at a platinum electrode. 253 
These observations are consistent with Co(acac)3 being reduced 
by the mechanism below, and lend support to the mechanism tentatively 
d ' f (144 h' proposed for the re Uctlon 0 Co SacSac)3 . Further evidence for t lS 
mechanism is presented in Chapter 9 . That both Co(acac)3- and 
CO(SacSac)3- readily dissociate to Co(acac)2 and Co(SacSac)2 is 
II +x consistent with the lability frequently observed for [Co (chelate) 3) 
L = acac L = SacSac 
1 
Ell2 
CoL 3 + e ~ CoL3 T""" 
COL3 
~ CoL2 + L 
-T""" 
2 
E1I2 
CoL2 + e ~ CoL2 T""" 
CoL2 Products 
E 1 122 < E 1 112 E 2 ~ E 1 
1/2 """ 1/2 
complexes. The complexity of the Co(acac)3 reduction is perhaps 
increased by polymerisation of the reduction product to form oligomers 
of the type (Co(acac)2]4. In the absence of a complete thermodynamic 
and kinetic description of the redox and associated reactions, 
meaningful comparisons of observed E1/2 values cannot be made. 
SUMMARY AND CONCLUSIONS 
The substitution of oxygen for sUlphur produces a negative 
r 
shift in the reduction potential, El/2 ' which is consistent with 
179,199 corresponding trends observed for other metals and ligand atoms. 
96 
A consequence of the more negative E172 values of the oxygen chelates is 
that the products of these reductions are thermodynamically more 
reactive than those of their sulphur analogues and are therefore more 
likeJy to undergo follow-up chemical reactions. Despite the marked 
differences in E1~2 values, the overall mechanisms of the electrode 
processes appear to differ little for corresponding oxygen and sulphur 
chelates. Thus, under favourable conditions, the oxygen chelates are 
capable of supporting electron-transfer series similar to those of their 
sulphur analogues. 
A further consequence of the change of donor atom is an 
increase in the rate of the heterogeneous charge transfer such that 
k (S) >k (0). Additionally, the rate constant is larger at a mercury s s 
than at a platinum working electrode, i.e. k (Hg) >k (Pt). Although the 
s s 
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rate constants are not corrected for double layer effects, these trends 
seem to be general (see Chapter 8) and not influenced by the magnitude 
of the potential difference El/2 (S) - E 1 / 2 (0) or by the value of the 
absolute potential , implying that the observed trends are real. 
The k dependence upon the donor atom and electrode material s 
is consistent with the electron transfer step occurring via a bridging 
mechanism involving the electrode and the donor atom , the inequality 
k (S) >k (0) reflecting the thiophilic natures of mercury and platinum . s s 
That the El /2 values of the sulphur chelates are independent of the 
electrode surface is a consequence of the large k values . Even though 
s 
k (S) may depend on the electrode material , the electron transfer is s 
sufficiently fast for El/2 to remain unaltered . 
CHAPTER 8 
DONOR ATOM VARIATION IN TRANSITION METAL 
BIS CHELATES OF NICKEL(II) 
98 
In the previous Chapter, it was demonstrated that substitution 
of sulphur for oxygen in some trivalent transition metal complexes of 
acetylacetone influences their electrochemical reduction both 
kinetically and thermodynamically. Thus, the first reduction steps of 
the compounds with sulphur donor atoms not only appear to involve a 
faster electron transfer, but also occur at more positive potentials . 
However, the above study was complicated frequently by the large 
difference between the reduction potential of an oxygen chelate and that 
of its sulphur congener. This, in the absence of data for double layer 
corrections, made comparisons of the k values of the chelates somewhat 
s 
uncertain. 
In addition, the direct effect of the donor atoms upon the 
electrochemistry could not be discriminated from any additional effects 
due to differing electronic configurations of the chela ted metal ion 
induced by altering the donor atom. For example, Fe(acac)3 (t 3
e 
2)4 
2g g 
could be expected to be reduced at a potential different to that of 
5 36 
Fe (SacSac) 3 (t29 ) on the basis of the change in electronic ground 
state alone . 
In order to avoid these complications, these studies have been 
extended to the divalent nickel complexes of the dipivaloylmethanato 
anion (ButacButac), and its monothio- (ButSacButac) and dithio-
t t "" t " h b b 1 130 (Bu SacBu Sac) derlvatlves . Nl04 as een shown to e p anar, and, 
on the basis of their diamagnetism and the close analogy with 
" ( ) 78 "0 S d N"S 1 t d t b 1 Nl SacSac 2' Nl 2 2 an l 4 are a so expec e 0 e p anar . 
Additionally, preliminary results showed that the El/2 values of the 
first reduction steps for the three compounds span less than three 
hundred millivolts, so that uncertainties arising from the lack of 
double layer corrections are much reduced. 
t 
Nomenclature of nickel complexes as in Chapter 4. 
Table 8-1. Characteristics of the reduction waves. 
Compound 
NiO .. 
Ni02S2 
NiS .. 
Ni02S2 
NiS .. 
El/2 (V) 
- 1. 327 
-1.190 
- 1.058 
-1.84 
-1.308 
a grad (mV) 
67 
59 
61 
80 
73 
[Ed] (V) 
c p 
-1. 318 
- 1.187 
-1.054 
-1. 303 
a 
{ id - i} gradient of E/log ---i-- plot. 
W1l2 (mV) 
117 
90 
90 
105 
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RESULTS AND DISCUSSION 
Three reduction waves were observed in the dc polarography of 
NiS 4 • The proximity of the third (most negative) wave to the cathodic 
limit (-2.25 V) precluded its characterisation, but parameters evaluated 
for the other waves are given in Table 8-1. The first wave can be 
assigned to the process 
and the second to 
t t _ [ ~i (Bu SacBu Sac)2] 
t t _ 
[Ni(Bu SacBu Sac)2] + e 
by analogy with the behaviour of Ni(Sacsac)2.l44 
Neither the shapes nor positions of the first two waves are 
Significantly affected by drop time in the range 0.2 ~ t~ 2 sec. 
Analysis of the first wave showed this reduction to be reversible in the 
dc sense. Ni(SacSac)2 has been shown to undergo a slow but significant 
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chemical "rearrangement". In terms of the mechanism of the 
Ni(SacSac)2 reduction then, any chemical reaction of Ni(ButSacButsac)2-
occurs very slowly, if at all. The rate of this follow-up chemical 
reaction has been observed to depend upon the nature of the substituents 
. 309 
on the chel~te r~ng. 
At high frequencies, [E J differs slightly from E , this 
dc p 1/2 
difference establishing that a, the charge transfer coefficient, is 
equal to 0.46 (Table 8-2), a value according well with that determined 
previously for Cr(SacSac)3. Evaluation of the diffusion coefficient by 
dc po+arography was complicated by the proximity of the two waves, but 
the calculated diffusion coefficients of NiS
4 
and Ni0
2
S
2 
are almost 
identical, as expected for two isostructural complexes. Furthermore, 
the similarity of the gradients of the [I (wt) J lCA VS. fl / 2 plots of the 
p 
two species (Fig. 8-1) confirms the equivalence of the diffusion 
coefficients . 
The ac wave shape of the first Ni S 4 reduction is in excellent 
agreement with that 
(Table 8-1 and Fig. 
expected for a reversible, one-electron reduction 
8-1), and the [I(wt)J lCAvs.f1l2 plot illustrates p 
Potential 
Figure 8-1. Calculated (full lines ) and experimental (points ) wave 
shapes for the nickel chelates . Wav e shapes cal c ulated from 
reference 205. 
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that the heterogeneous electron transfer is extremely rapid . As in the 
case of Cr (SacSac)3 ' small terms due to uncompensated r esistan ce and/or 
inability to correct for the charging c urre nt may e xplain th e sl i ght 
departure of this plot from linearity at h i gh frequencies, rather than 
departure from reversibility, and only a lower limit can be set for k 
s (Table 8- 2) . The relative effects of platinum and mercury electrodes 
upon the electrochemistry of the present chelates could not be 
determined, as all reductions occurred in the vicinity of the cathodic 
limit for platinum (- - 1.3 V). 
Analysis of data for the second a nd ~ore negat i ve NiS
4 
reduction wave shows that this wave is very close to reve rsible in the 
d c sense . Howev er , a plot of the ac data (Fig . 8 - 2) r e ve als that this 
wave is significantly less reversible than the f i r st . The rate constant 
for heterogeneous electron transfer was determined from this graph . 
The dc polarography of Ni02 S 2 consists of two reduction waves, 
the limiting currents of which are equal. Analysis of the first (more 
positive) wave shows it to correspond to a r e versible , one-electron step 
(Table 8-1), and yields the diffusion coefficient of Table 8-2. Both 
reductions are shifted cathodically with respect to those of NiS
4
, and 
the difference in El/2 values between the t wo waves is much larger than 
that of NiS 4 • 
That the first Ni02 S 2 reduction is ~eversible to ac 
polarography over a wide frequency range is illustrated by the linearity 
of the [I(wt)] /CAvs. f1/2 plot (Fig. 8- 2), and by the agreement between p 
the gradient of this plot and that calculated : from the diffusion 
coefficient. As in the NiS 4 case, only a lower limit could be assigned 
to k (Table 8-2). Comparison of the theoretical and observed wave s 
shapes for this process (Fig. 8-1 and Table 8- 1) further establishes the 
reversibility of the electron transfer. 
One reduction wave only was observed in the dc p olarography of 
Ni04 , this wave being at a more negative potential than the first 
reduction waves of both NiS 4 and Ni02 S 2 (Ta ble 8-1). Although analysis 
::e::::i:::eV::::so:t~~om~n;:;g:h:h:I:;:a::s:h:e:::{i~:f}o:s~: plot, 
the departure is small and this, and the wave shape (Fig . 8 - 1) are 
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consistent with a one-electron, almost reversible, electron transfer 
step in the dc sense. 
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However, wave shape analyses (Table 8-1 and Fig. 8-1) and the 
[I(wt)] /CAvs. fl/2 behaviour of the Ni04 reduction (Fig . 8-2), P 
establish that this process is only quasi- reversible under ac 
polarographic conditions and the k value can be calculated (Table 8-2). 
s 
The heterogeneous electron transfers corresponding to the 
first r eduction waves of NiOzSz and NiS 4 are extremely rapid, whil s t 
that of Ni04 is sufficiently slow for its ~ value to be calculate d . 
s 
However, all three ele ctron transfers are fast enough to be conside red 
reversible under dc polarographic conditions. Thus, the E
1/Z 
values of 
the first reduction waves of the present compounds have thermodynamic 
significance and can be used for comparative purposes. Further, as a 
consequence of the small potential range within which these reductions 
occur, the magnitudes of the differences in the k values are likely to 
s 
be substantially unaltered upon application of double layer corrections, 
and trends in k values can be discussed with confidence. s 
The present study confirms that substitution of oxygen by 
sulphur has both thermodynamic and kinetic consequences. Thus, the 
greater the number of sulphur atoms about nickel, the easier is the 
reduction (more positiVe E1/Z ) and the faster the electron transfer 
step. This trend parallels that for the ML3 complexes of acetylacetone 
and dithioacetylacetone and the NiLL' complexes of monothio- and dithio-
acetylacetone (Table 8-3), although no kinetic data are available in the 
latter case. In the present complexes, the following ordering of the 
ease of reduction is established: 
(easier to reduce) (harder to reduce) 
Similarly, for the rate of the electron transfer, NiS
4
, NiOzS
z 
> Ni0
4
, 
any difference in the ks values of NiS 4 and Ni02 S 2 being beyond the 
limits of detection. The lower limit ascribed to k for the NiS
4 
and 
NiO zS 2 complexes compares well with the value of 
218 
for the couple (see also Chapter 10). 
s 
k > 1 em sec - 1 obtained 
s 
Interestingly, despite the ligand-based character of the redox processes 
Table 8-2. Parameters calculated for the complexes. 
Compound 10
5 D 102 k (Hg) 
(cm2 sec-I) s -1 (cm sec ) 
NiO,+ 0.41 1.6 
Ni02S 2 1.8 0.47 > 100 
NiS,+ 1.8 0.46 > 100 
NiS,+ 1.8 0.45 2 . 4 
Table 8-3. 222 Polarographic data on NiLL' complexes. 
Compound 
Ni(SacSac)2 
Ni(SacSac) (Sacac) 
Ni(Sacac)2 
Nickel-donor 
. atom set 
NiS,+ 
NiS 3 0 
Ni02S2 
r 
E1I2 (V) 
-0.960 ± 0.001 
-0.979±0.002 
-1.074 ± 0.001 
(in contrast to the presumed metal-based character of the present 
processes), the ordering of the ease of t h e z = - 2 to z = -1 couples of 
complexes of catechol and its monothio- and dithio-derivatives is 
1 305 a so 
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(easiest to oxidise) 
(hardest to oxidise) 
However, some caution is attached to this comparison as not all the 
redox processes are fully reversible. 
The apparently generally faster electron transfers of the 
sulphur-containing ligands implies some involvement of the donor atom in 
the process of electron transfer. This is consistent with the e vidence 
of Chapter 7 which showed a dependence of the redox process upon the 
electrode material. Thus the electron transfer would seem to occur via 
a bridging mechanism. In the case of halides, it is well known that 
participation of the ligand in bridging and/or adsorption increases i n 
the order F < Cl < Br < I. In group VI it wou ld also appear that the 
involvement of the ligand with the electron transfer step increases down 
the group. On this basis, it would be predicted that k values for the 
s 
selenium analogs of Ni(SacSac)2 and Ni(acac)2 would be even larger; 
however, no data appears to be available. Significantly, larger k 
s 
values are associated with the present square planar complexes than with 
the M(chelate)3 series. Obviously, a planar structure is better suited 
to form a bridged complex with the electrode. 
In comparing El/2 values, it is essential to recognise that 
they reflect the relative stabilisation of one half of the redox couple 
with respect to the other . Thus oxygen and sulphur influence the 
free energies of either or both halves of t he redox pair differently. 
. 1 h 179 th . . 1 · d t. It has been prevlous y s own at an lncrease ln 19an nega lve 
charge for a related series of dithio-chelates results in a shift to 
more negative potentials of the reduction wave. A simple correlation 
between the position of the reduction wave and the amount of ligand 
negative charge cannot be made in the present case because of the change 
in the donor atoms. However, it is perhaps significant that the k for 
s 
the second NiS~ reduction is less than tha t for the first. Since the 
first reduction is highly reversible, NiS~ and NiS~ are presumed to be 
isostructural and NiS~ is expected to differ from NiS~ only in the 
i 
t 
! 
I 
8 
6 
4 
a. 
2 
10 20 
(f) Y2 
30 
!:'igure 8 - 3 . Ac frequency d e pende nce of the ac polarographic peak 
01 - 1 height of the redu c t i on wave for th Ni(Sac (NM )ac ) 2 coupl 
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electronic configuration and charge. Interestingly, then, the change in 
behaviour on going from NiS 4 to Ni04 is qualitatively similar to that on 
going from NiS 4 to NiS 4-. 
"Donor atom" effects have been extended to a compa rison of the 
reduction of Ni(Sac(NMe)ac)2 (I) with those of the Ni/SacSac /Sacac 
I 2 
compounds of Table 8-3. Ni(Sac(NMe)ac)2 is a member of a series of 
complexes exhibiting square planar/tetrahedral equilibrium in solution. 
The mole fraction in the tetrahedral form has been shown to be 0.04 in 
31 d '. . 
CDC1 3 • A one-electron r{ei~~ti}on, reverslble on the dc polarographlC 
time scale (grad. of E/log ---i-- plot is 59.4 mV at 22°C) was observed 
at -1.373 V. Ac polarographic data (Fig. 8-3) establishes the rapidity 
of the heterogeneous electron transfer. 
Thus, although introduction of a NMe donor group into the 
SacSac chelate ring shifts the El/2 -value to more negative potentials 
than does introduction of an oxygen donor atom, the effect of the NMe 
donor group upon k does not appear to be as marked as that of oxygen s 
donor atoms. That is, the reduction becomes more negative, but retains 
the high degree of reversibility associated with the sulphur-based 
chelates. Further comparative studies on the N/S/O donor system are 
needed, but th~ possibility arises that whilst oxidation processes of 
the neutral N/S-based chelates will occur at relatively negative 
potentials (as might also be expected for the O/S-based chelates), a 
higher degree of reversibility could be expected for the N/S-based 
chelates than for the O/S-based chelates. Thus, the synthesis of high 
oxidation state chelates might be better effected with N/S-based 
chelates than with O/S- or O-based chelates. 
CHAPTER 9 
THE ELECTROCHEMICAL 
NON-REVERSIBILITY OF SULPHUR-CHELATES 
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The electroc he mistry of sulphur-~ased c hclat 'S of th 
trans ition me tals has been exte nsive ly s tudied in the last decade . 
Particular emphasis has been placed on the reversible ligand- based one-
electron transfers observed in the 1 , 2-dith iolene and r elated series of 
243 244 
complexes, , and, more recently, upon the isolation and 
characterisation of compounds with unusual metal oxidation 
t t 2,154,261 ,262, 271,276,289 
s a es . Most of the comparative studies 
necessitate the observation of reversible e lectrode processes; the 
1 f 
' bl b h ' h ' f ,2,144,179 examp es 0 non-revers~ e e av~our ave, w~th ew except~ons, 
been noted briefly but not interpreted. Th is neglect has resul ted in 
some interesting chemistry being ove rlooked. Alternat i vely, the E
1/ 2
-
values of non-revers i ble processes have oft en and i ncorrectly been 
ass ociated with EO in comparisons which demand thermodynamically 
significant parameters . Obviously, the cause and influence of non-
reversibility in inorganic redox processes needs to be better 
understood. 
Previous studies have allied redox processes of Sulphur-based 
chelates with very rapid electron transfers. Accordingly, it seems 
likely that non-reversible behaviour in such systems is attributable to 
factors other than the rate of heterogeneous electron transfer. This 
postulate finds substance in those few examples where the origins of 
ib 'l' h b 1 'd d 2,144,179 "11 non-revers l ~ty ave een e uc~ ate. Addltlona y, non-
reversible redox processes of sulphur-chelates in the present work are 
ascribed in all cases to factors other than slow heterogeneous e lectron 
transfer. The lability of members of the r edox couple is found to 
affect the redox process dramatically and these effects are discussed 
below. The lability of cobalt compounds is known to be dependent upon 
the metal oxidation state and so the reduction of kinetically inert 
III II 
Co compounds to labile Co compounds leads to the expectation of 
complex redox processes . Reductions of several cobalt(III) compounds 
_ 0 
c 
Q) 
· ° 35 -0 45 
Potential 
B 
-1 "25 
~iyure 9-1 . Dc (A) and ac (B) polarographic behaviour of 
Co(ButSacButJc ) 3 ' Potential rang +0 . 75 V to -1.95 V. St"Jll r<lt S f 
20 mV sec-I . Ac frequency is 400 Hz . 
have been investigated and the results used as a model in the 
interpretations of other cases. 
(a) t t CO(Bu SacBu aC)3 r t 
Figure 9-1 illustrates the comple x redox processes with 
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I 
respect to the dc and ac polarographic behaviour observ~d for this 
compo und . Comparisorrs of the ' limting dc currents p~r unit concentration 
of each of these waves with that of the reversible (see Chapters 3 and 
7) one-electron Cr(SacSac)3 r e duction establish that thcs 
t t) J" Co (Bu SacBu ac 3 wa v es correspond to t lree s uccessl. ve o ll e - elec:trott 
steps. The electron transfer of wave 2 has a k value of > 0.9 em sec- L • 
s 
This wave corresponds to a reversible one-electron reduction on the dc 
polarographic time-scale. The behaviour of waves 1 and 3 are consistent 
with coupling of chemical reactions to the electron transfer. Waves 1 
and 2 merge and become one two-electron step at low temperatures 
(-30 °C). Similarly, the merging of these waves can be observed as the 
frequency of the ac polarographic experiment is increased (Figs. 9-2 and 
9-3). 
The three reduction waves are observed at the dme at slow 
cyclic voltammetric scan rates (Fig. 9-4). In agreement with the 
pOlaro~raphic behaviour~ wave 2 is reversible and wav~s l aQd 3 are non-
reversl.bJ.e at -Uiese s low scan rates. Those waves on the reverse scan 
with no cathodic counterpart o~ ~e initial scan will be discussed 
below. Increasing the scan rate results in waves 1 and 
merging to 
become a single two-electron step (Fig. 9-5). Under" steady state 
conditions at very rapid scan rates, the cyclic voltammagram in the 
region of waves 1 and 2 simplifies to the two chemically reversible 
couples of Figure 9-5c. The first reduction of Figure 9-5c is not 
observed on the first cyclic voltammetric scan (Fig. 9-4). 
These data are consistent with wave 1 corresponding to the 
- t t_ 
reduction of CoL3 to COL3 (L = Bu SacBu ac ) followed by ligand loss 
from this latter species: 
e 
~ II - k II _ Co L3 ---+- Co L2 + L (9-1) 
c 
Q) 
.... 
.... 
~ 
u 
- 0 6 -1 -0 
- 1-4 
Potential (V vs Ag/ Agel) 
Figure 9 - 2 . Frequency dependence o f ac pol r ogram of 
Co (Bu SucButac)3 . 
- I-a 
The most positive oxidation of Figure 9-5a is attributed to the 
oxidation of mercury in the presence of ligand generat d at the 
electrode via equation (9- 1) . Mercury is known to be oxidised in the 
f h 1 d 1 · 115 
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presence 0 t e re ate ~gands OEtSacSacH and NH
2
SacNH
2
SacH 
(Chapter 2) at a potential dependent upon the ligand concentration . In 
the present context, generation of ligand at the electrode is proven by 
the addition experiments discussed below for the cobalt dithiocarbamates, 
and reported for Co (acac)3 in Chapter 7. 
The E1/2 - value observed for wave 1 is related to EO for the 
redox process 
(9-2) 
by a function of k . 
. 239-241 This function may be derived theore tlcally. 
El/2 for equation (9- 1) is always more positive than El/2 for equation 
(9- 2) . However, as the time scale of the experiment is decreased (e . g . , 
faster scan rates), or the rate constant k is lowered (lower 
temperatures) E1/2 of equation (9- 1) shifts to more negative potentials, 
r 
approaching a limiting value of (E 1/2 )A . The k - value of equation (9- 1) 
is sufficiently large that even at a scan rate of 100 V sec- 1 its effect 
is still manifest (Fig. 9- 5) . 
Wave 2 can be assigned readily to the reversible process 
(9- 3) 
As discussed above, the kinetic step in equation (9 - 1) results in 
r (E 1/2 )A approaching a limiting value of (E l/2 )A as the experimental time 
scale decreases . The merging of waves 1 a~d 2 in fast scan rate cyclic 
r 
voltammagrams therefore indicates that El/ 2 of equation (9- 3) is more 
positive than that of equation (9- 2) . That is, 
This conclusion, that the reversible one- electron reduction of 
II " h ' th fh a M (chelate)2 spec~es ~s t ermodynamlcally favoured over at 0 t e 
III 
c orresponding M (chelate)3 species is shown below to often result in 
0 -16 
0-12 
0 -08 
0 ·04 
o 10 
~ (f) 2 
20 
I (H z) 12 
Figure 9-3 . Ratio of lJeak heights of fi r st and second ac polarographic 
reduclion waves of Co (ButSacB utac ) 3 as a function of ac frcyu·ncy . 
V lue (0 . 226) for J1I 2 =3 . 16 is not shown . 
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complication of redox processes o f sulphur-che late compounds and offers 
a possible explanation of the non- revers ibi lity obse rved f o r several 
such compounds . 
Wave 3 corresponds to the process 
k' 
---+- Products (9- 4) 
Slow scan cyclic voltammagrams e s tabl ish the non- reversibility 
of the COL 2 oxidation. However, under very fas t scan rate steady state 
conditions (e.g., 20th scan of cyclic v o ltammagram) , the kinetic 
complication is no longer of importance, and two r e versible couples ure 
evident (Fig. 9- 5). The compounds COL2 ' COL2 and COL2 are ther efore 
- + 
produced during the redox pro cesses and are lined by the 
electrochemica l ly reversible (e . g . , Fig . 9-3c) electron transfer s e r ies 
(9- 5 ) 
A polarographic study on the comp ounds FeL+, FeL+ 2 , FeL
2
, 
FeL2 +, FeL3 - and FeL3 (where L = acac) has shown these compounds are a lso 
linked both by electron transfer and chemical reactions coupl e d to the 
301 heterogeneous electron transfers. 
(b) M(SacSac) 3 (M = Co, Rh, Ir) REDUCTIONS 
The reductions of the s e c omp l x es have b een investigated 
previously at a dme.
144 
It was established that the first CO(SacSac ) 3 
reduction is a two- electron process occurring at the same potential as 
the first CO(SacSac)2 reduction . In the present study separate single -
electron waves corresponding to the processes of equations (9- 1) and 
(9-3) could not be obtained under any conditions. The CO(SacSac) 3 
electrode processes under all time scales are a non- reversibl e t wo-
electron r e duction 
Co(SacSac)3 + 2e ~ Co (SacSac) 2 + Sa c Sac (9-6) 
and a subse quent reversible one-elec tron r e duc tion , 
Co (SacSac) 2 ( 9-7) 
-c: 
Q) 
.... 
.... 
:::> 
<..> 
initial scan, 
o ~ __________________ ~~~ 
scan rate 
100 V sec-I 
I I 
-1 03v - I -14V 
-0-3 -0-5 -0-7 -0-9 -I -I - 1-3 
Potential (V vs_Ag/ Agel) 
t t 
Figure 9-4 . Cyclic voltammagram of Co(Bu SacBu aC) 3 at a mercury 
electrode . 
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~ t The similarity with the behaviour of CO(Bu - SacBu aC) 3 (above) is 
obvious. In the CO(SacSac)3 example howeve r, access to both CO(SacSac) 3 
and Co (SacSac)2 provides direct evidence for the mechanism proposed for 
t t CO(Bu SacBu aC)3. 
169 Rh(SacSac) 3 has also been shown to undergo a t wo-e l ectron 
reduction to give a product postulate d as Rh (sacSac ) 2 . The dc 
polarographic behavi our of Ir(SacSac ) 3 i s c omp l i c a t ed at natu ra l drop 
times,144 but rapid polarographic t e chnique s have es tab lished the 
presence of two waves corresponding to cons ecutive, r e v e r sib le , one -
electron reductions separated by about 100 mV. Bond e t aZ . 144 comme nt 
that Ir(SacSac)3 may undergo 
" •.• a rapid dissociative equilibrium upon reduction. 
For example, the iridium(II) or iridium(I) species could be 
degraded to a bis complex. Insertion of electrons in the 
a-antibonding orbitals should labilize the metal- ligand bonds 
and increase the possibility of rapid reversible loss of a 
bidentate ligand. II 
(c ) Co (OEtSacSac)3 
A further example of this mechani sm is provide d by 
Co (OEtSacSac)3. Both CO(OEtSacSac)3 and CO(OEtSacSac)2 are known, and 
reductions of millimolar Solutions of CO(OEtSacSac)3 have been shown to 
t t ' 2 proceed via the mechanism observed for CO(Bu SacBu aC)3. 
(d) Co (DITHIOCARBAMATO) 3 REDUCTIONS 
The reduction processes of a seri es of cobalt(III) tris-
dithiocarbamates have been reported previously and their non-
146 
reversibility noted. In the present study, the Co(dtc)3 complexes of 
. '. t f the N,N-dibe nzyl- and pyrrolldyl-dlthlocarbamate s wer chosen o r 
examination and the ligands N,N-dibe ryz yl- pyrrol i dyl-, a nd N,N-
diisopropyl-dithiocarbamate used in titrametric experiments with 
cobalt (II) perchlorate. The reduction potentials of the tris-species 
are presented in Table 9-1. 
t 
Dithiocarbamate ligands and complexes used in the present work were 
supplied by Drs. N.M. Rohde and A.R. Hendrickson. 
B 
+-
c 
P ot enti a l (V "s Agl Age l) 
Figure 9-5 . Rapid scan rate cyclic voltammagrams of Co (ButSacButac) 3 a 
a dme. A and B initial scans , C steady state . Scan rates: 
A, 1 V sec- 1 B, 10 V sec-l; C , 100 V sec- I . Potential ranges: A 
and B , +0.75 V to -2 . 25 V; C , - 0 . 3 V to - 1 . 4 V. 
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(i) Platinum Electrode Studies 
One non- reversible reducti o n wave is observed f or t he Co (dt c)3 
complexes at a platinum electrode. Ligand loss from the reduction 
product is revealed by the observation of the electrode p rocess 
dtc - -- ~ (thi uram dis u lphid e) + e (9- 8) 
on the reverse scan of the cyclic voltammag rams . These oxi dation waves 
can b e a ssigned by comparis ons with p ubl ished oxidatio n 
. 1 73 ,178 
pote nt1als, or, more conve n i ently, ~y addition of the r e l e va n t 
sodium d i thiocarbamate . 
The observation of the process (9-8) on the reverse scan of 
the cyclic voltammagrams is consistent with reducti on of Co (d tc)3 b eing 
followed by ligand loss to give Co(dtc)2' Accordingly, redox proce sses 
of the Co (dtc) 2 complexes were studied by in situ generation of these 
species. Similarly to the behaviour of Co(SacSac)2' the first Co(dt c) 2 
reduction wave occurs at the same potential as that of the first 
Co(dtc)3 reduction. However, in contrast t o Co(SacSac)2' this first 
Co(dtC)2 reduction is non- reversible. Thus, the Co(dct) 2 species 
- t t _ appear to be far less stable than the Co (SacSac) 2 and Co (Bu SacBu ac) 2 
species . This trend is reflected in the r e lative stabi l i t i es of the 
neutral bis- chelates of these ligands . The overall electrode proces ses 
of the cobalt(IIJ) dithiocarbamate reductions then seem to b e 
CO(dtC)3 + ~e --+ Co (dt c)2 + dtc- (9-9) 
Products 
and those of the cobalt(II) dithiocarbamates to be 
Co (dtc)2 ~ CO(dtc)2- --+ Products (9- l0) 
(ii) Mercury Electrode Studies 
Under dc polarographic conditions , the reduc t i on waves of the 
Co(dtc)3 compounds are again very complex. The first regi on of 
electroactivity is assigned to the processes of equation (9- 9). Partial 
resolution of this complex reduction into two appar~ntly one- electron 
Table 9-1. Electrochemical data for reductions of 
Co(dithiocarbamate)3 complexes. Data abstracted from reference 146. 
Dithiocarbamate 
N, N-dibenzyldithiocarbamate 
pyrrolidyldithiocarbamate 
N,N- diisopropyldithiocarbamate 
(V) 
-0.80 
-0.83 
-1.09 
(mV) 
58 
58 
50 
a 
E 
P 
(V) 
-0.80 
-0.82 
-1.12 
a Potentials in Volt vs. Ag/AgCl in ace':one - 0.1 M 
tetraethylammonium perchlorate. 
(mV) 
92 
93 
98 
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steps is under ac polarographic conditions. A further poorly defined 
wave (or waves) is observed at more negative potentials, its possible 
origin being reduction of residual Co(dtc)2 and/or its products. 
Again, generation of ligand at the electrode can be established by 
observation of the relevant mercury oxidation waves (established as such 
by ligand addition experiments) on the reverse cyclic voltammetric 
scans. The oxidation of Co(dtc)2- could be observed at very rapid 
cyclic voltammetric scans at a dme. 
A complex polarographic reduction of Co(dtc)2 was observed at 
a potential close to that of the Co(dtc)3 reduction. An electron 
t t +x transfer series similar to that of CO(Bu SacBu aC) 2 (equation 9-5) was 
also evident in this case under high scan rate cyclic voltammetric 
conditions at a dme. 
Reductions of all of the above tris cobalt(III) compounds are 
thermodynamically equivalent (i.e., in all cases, the reversible El~2 
potentials of the COL2 compounds are more positive than those of the 
analogous CoL 3 compounds). The degree to which the COL
3 
reduction is 
shifted from its El~2 potential is determined by the magnitudes of the 
kinetic terms of the follow-up chemical reactions. Kinetically, the 
behaviour is governed by the inertness of cobalt (III) , the lability of 
CO(II)LJ species, the stability of CO(II)L2 species relative to the 
CO(II)L J species, and the ready accessibility of a univalent cobalt 
oxidation state. In view of these factors, non-reversible electro-
chemical behaviour in cobalt(III) sulphur-chelates is perhaps not 
unexpected. 
The deduction that El~2 for the CO(II)L2 reduction is more 
positive than that for the CO(III)LJ reduction offers a possible 
explanation of other electrochemical observations. 
Non-reversible oxidations of ML2 dithiocarbamates (M=Mn, Fe) 
have been observed to occur at the same potentials of those of the 
146 289 
corresponding ML J compounds. ' The ML2 compounds were prepared by 
titrametric methods, in situ. Should the inverse of the above ordering 
r r 
of E1 / 2 -values apply to oxidations (that is, that El /2 for a M(II)L
2 
oxidation is more positive than that for the corresponding M(III)L
J 
oxidation), and the rate of formation of M(III)L3 be sufficiently rapid, 
then the MLz/MLz + oxidation could Occur at the ML3/MLJ + potential. ML3 
might be made available for electrochemical oxidation via exchange 
reactions of the kind 
111 
or may co-exist in equilibrium with other ML +X species. In the case of 
n 
M = Fe (III), the system is known to be very labile and the rates of 
276 formation of the various complexes are very fast. Hendrickson et 
246 147 
a l . and Lachenal report that voltammetric oxidation of Ni{dtc)2 
+ 146 compounds yields Ni{dtc)3 compounds, and Rohde has shown that 
copper (I) dithiocarbamates undergo complex multi-electron oxidations in 
the same potential regions as the corresponding Cu{dtC)2/Cu {dtc)2 + 
couples, with the processes 
CU{dtC)2 + + e --+ Cu{dtc)2 
CU{dtC)2 + e --+ CU{dtc)2 
being evident on the reverse cyclic voltammetric scans (the system is 
further complicated by the polymeric nature of the cOpper{I) dithio-
carbamates) • 
The studies outlined in this Chapter have demonstrated that 
non-reversible behaviour in several sulphur-chelate compounds is a 
consequence not of slow heterogeneous electron transfer kinetics, but 
rather is due to the influence of chemical reactions coupled to the 
electron transfer. These reactions occur when at least one member of 
the redox pair is labile on the electrochemical time scale. The extent 
to which these chemical reactions influence the reversibility of the 
system is dependent upon the magnitude of the associated kinetic 
parameters. 
These observations correlate well with the findings of the 
previous two Chapters where it was shown that dithio-S-diketonato 
complexes undergo very rapid heterogeneous electron transfers. Such 
218 rapid electron transfers have now been demonstrated for mot, 
monothio- and dithio-S-diketonato and dithiocarbamato systems which, as 
evidenced by the work of this Chapter, suggests that coupling of 
chemical reactions to the electron transfer is a more likely source of 
non-reversibility in sulphur-chelates than is a slow heterogeneous 
electron transfer. This is exemplified in the next Chapter, wherein 
some new redox processes leading to unusually high or low oxidation 
states are investigated and in those cases in which non-reversible 
behaviour is observed and investigated, it is found to arise from 
factors other than electron transfer kinetics. 
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CHAPTER 10 
NEW ELECTRODE PROCESSES OF SULPHUR-CHELATES . 
I 
i 
: 
redn . 
6 · 0 
oxidn. 
4 ·0 
2 · 0 
10 30 
Figure 10- 1 . Dependence of peak heights o f ac po larograp h ic wa ves f o r 
Ni(mnt)2 - 2 oxidation and reduction upon ac freque ncy. 
t 
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Numerous communications have reported transition-metal chelate 
compounds in apparently high or low metal oxidation states. In many 
cases, the redox processes leading to these unusual oxidation state 
compounds have subsequently been shown to be ligand- rather than metal-
264 
based. Thus, when a number of oxidation states is available to both 
metal and ligand, redox processes can be centred on either or both 
entities. If however, successive electron transfers "exhaust" the 
number of such oxidation states of either metal or ligand, and 
accessible oxidation states are available to the other species, then 
further electron transfer steps can be expected. In such an example, an 
extensive electron transfer series would be observed, the nature of the 
series changing from meta!- to ligand-based (or vice versa). 
An extensive electron transfer series is known for the 
1,2-dithio chelate compounds and comparisons have been drawn between 
these and the M(SacSac) series. Commenting on such comparisons, Bond 
n 
t 7 144 k e avo remar, 
" Comparisons (of the M(SacSac)n complexes) with the 
electron-transfer properties of the dithiolenes must be drawn 
carefully. The most reduced (dithiolato) forms of these, 
MS 4
2
- and MS 6
3
-, formally contain dinegative ligands and 
place the metals in the ordinary oxidation states, M(II) and 
M(III), respectively. The dithiolato complexes are 
susceptible to stepwise oxidations which remove electrons 
from molecular orbitals of predominantly ligand character. 
It is emphasized that Ni(SacSac)2 is properly 
compared with the dianionic "dithiolate" rather than the 
neutral "dithiene". Stepwise oxidations of the dithioacetyl-
acetonates are obviously refativelY inaccessible, since the 
present polarographic range extends only to +0.8 V with 
reference to Ag-AgCl, though their possible occurrence could 
be further investigated. " 
Author's comment: platinum or glassy carbon electrodes were not used 
by Bond et aZ. in this study. 
Table 10-1. Parameters for Ni(mnt)2-2 reduction. 
E1/2 -1.529 V 
0 1.60 X 10 5 em2 sec -1 
a 0.45 
ks > 0.1 em sec- 1 
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Two inferences may be drawn from this quotation. Firstly, if 
the neutral M(SacSac) complexes are to be compared with the anionic n 
M (III) (S-S) 3 - 3 and M (II) (S-S) 2 - 2 (S-S = 1, 2-dithio chelate) complexes, 
then reduction processes of the M(III) (S-S)3-3 and M(II) (S-S)2-2 
compounds may be accessible to voltammetric experiments, since all the 
M(SacSac) complexes studied undergo at least one reversible (with n 
regard to the rate of heterogeneous electron transfer) reduction. 
Additionally, if the M(SacSac) reductions are metal-based, then these 
n 
extra reductions of the 1,2-dithio chelate compounds might be expected 
to be metal-based, such behaviour thereby realising the expectation of 
an extensive electron transfer series ranging from ligand- to metal-
based redox processes. In this regard, studies on the effects of 
chelate-ring substituents upon E1 / 2-values have shown that for both 
metal- and ligand-based processes, the -CN substituent group facilitates 
. d 2,112,243 reduct~on to the greatest egree. In fact, the reversible 
reduction was reported recently2 and was subsequently shown by esr 
271 studies to be metal-based. 
Conversely, it can also be inferred that voltammetric 
oxidations of the M(SacSac)2 complexes may be observed at electrodes 
such as platinum which has a greater anodic range than does mercury. 
Such oxidations may be either metal- or ligand-based. However, as 
indicated elsewhere in this thesis, the most likely product of ligand 
oxidation is the 3,5-dimethyl-l,2-dithiolium cation (halogen oxidation 
of Ni(SacSac)2' for example, is known to afford the tetrahalonickelate 
salt of this cation
82 ). This species is unlikely to remain co-ordinated 
to the metal-ion, and exhibits well-defined electrochemical behaviour at 
257 
a platinum electrode, and so should be readily detected on reverse 
cyclic voltammetric scans. Therefore, reversible voltammetric 
oxidations of M(SacSac) complexes might intuitively be expected to be n 
metal-based.
t 
Chetlate-ring substituent variation studies have 
indicated that the ligand most likely to support an oxidation process is 
t 
However, the close interligand sulphur ••• sulphur interactions 
observed in M(SacSac)n structures, indicate the possibility of 
alternative forms of the oxidised ligand which may support a ligand-
based oxidation. 2 
. 
i 
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Figure 10-2. 
at 0 °C. 
sec-I . 
0 -2 OA 
Potentiol 
0 -6 
-3/-2/-1 
Cr(mnt)3 
o-a 
(V vs . Ag/AgCI) 
1-0 
Cyclic voltarmnagram of Cr(mnt)2- 3 oxidations at 100 mV sec 
Note that current axis is inverted. Inset, scan rate = 2 V 
Platinum electrode cleaned between scans. 
NH2SacNH 2Sac (Chapter 2). However, synthetic problems have so far 
restricted the range of characterised compounds of this ligand to t he 
divalent nickel, palladium and platinum derivatives of Chapter 2. 
Oxidation of Ni(NH2SacNH2Sac)2 has been shown to be quite complex, 
possibly resulting in [Ni(NH2SaCNH2Sac)3]+ in a manner analogous to 
146-148 oxidation of nickel (II)dithiocarbamate complexes, viz., 
and the system is as yet incompletely characterised. Indications of 
a polarographic oxidation of Os (OEtSacSac)3 at the anodic limit have 
2 
been reported, and Os (OEtSacSac)3 or Os(SacSac)3 appear to be the 
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dithio-B-diketonato compounds for which an oxidation wave is most likely 
to be observed. 
Accordingly, the possibilities of an Os (SacSac)3 oxidation and 
new M(mnt) -n (n = 2,3) reductions were investigated voltammetrically and n 
the results are discussed below. 
Although the reductions of nCo(mnt)2-2 n and "Fe(mnt)2-2 n are 
as yet not fully characterised, they are included here as they provide 
useful introductions to further work in this field. 
Ca) -2 Ni(mnt)2 
The reduction process 
2,271 has been reported and found to be metal-based. This reduction has 
been further characterised in the present work to provide a reference 
for the study of other mnt-compounds. The oxidation of Ni(mnt)2-2 has 
previously been assigned a k value in excess of 1 em sec- 1 at a 
. ~. 218 platinum electrode 1n aceton1tr11e. Ac polarographic studies 
(Fig. 10-1) establish that both the oxidati on and reduction of 
Ni(mnt) 2-2 are characterised by very large ks values. Parameters 
describing the reduction process are collected in Table 10-1. These 
data were determined via the procedures of Chapter 5. The diffusion 
coefficient of 1.6 x IO- s cm2 sec- 1 agrees '''ell with the value of 
1. 36 x 10- 5 c m2 s e c -1 determined by Lingane. 218 
r 
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Potenti a I 
Figure 10-3 . Cyclic voltammagram of CU(~t}2- 2 reduction at a platinum 
electrode at room temperature . Potential range 0 V to - 1 .3 V. Scan 
rate is 50 mV sec- l . Inset is cyclic voltammagram of dotted region 
(- 0.4 V to - 0.8 V) at 5 V sec-l . 
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Dimer/monomer associations are known to complica t e the 
310 
electrochemistry of both of these syste ms, although bo th di a nio ns ca n 
be generated at the ele ctrode «Et~N)2[Fe(mnt)2]2 was used a s a possible 
-2 
Source of Fe (mnt) 2 ). Further reduction waves were observed for both 
of these compounds (Fe: E1I2 ==-1.575 V, Co: E 1I2 == -1.497 V) in 
addition to other processes corresponding to{~~1n}own e lectrochemistry 
of these systems. The gradient of the E/log ---i-- plot for the dc 
polarographic El /2 == -1. 575 V wave of the iron derivative is 61.1 mV, and 
a linear dependence of the ac polarographic peak height upon the square 
root of the frequency is evident over the frequency range 80 < f < 1100 Hz. 
Whilst the cyclic voltammagram of the "Co(mnt)2-2" 
El /2 == -1. 497 V process appears reversible (M == 67 mV at 20 mV sec - I) , 
P 
two ac polarographic waves develop as the ac frequency is increased (at 
1000 Hz, [E ] values are -1.450 V and -1. 495 V). Howe ver, a plot of dc p 
the I VS . fll2 behaviour of the peak at [E ] == -1. 495 V is linear. At 
p dc P 
-5 °c a reversible cyclic voltammagram is obtained (at 200 mV sec-I, 
if 
llE == 70 mY, -.- == 1.04). 
P ~b 
The natures of the species involved in these reductions have 
not yet been resolved, but it is tempting to include the 
couples in the possibilities. Further characterisation is necessary, 
this discussion being included to indicate possible investigations. 
(d) -3 Cr (mnt) 3 
The dc polarogram showed two small oxidation waves and a large 
reduction wave at El/2 - -1. 43 V. This reduction was investigated by 
cyclic voltammetry at a mercury electrode. No peak was evident on the 
reverse cyclic voltammetric scan and the forward scan wave was severely 
distorted. A reversible cyclic voltammagram was not obtained in this 
potential region under rapid scan rate or low temperature conditions. 
The oxidation waves correspond to the known single- electron oxidations 
. 
! 
l 
, 
i 
-2/-1 Table 10-2. Characteristics of Cu(mnt)2 process. 
Cyclic vol~etry at a platinum e-lectrode at 22 °C. 
Scan Rate E1/2 6E if/ib P 
-1 (mV sec ) (V) (mV) 
50 +0.549 65 1.02 
100 +0.547 65 0.96 
200 +0.549 65 0.95 
500 +0.549 65 0.94 
Table 10-3. Comparison of Cu (mnt) 2 -2 oxidation and 
reduction waves at -28 °C. Cyclic voltammetry at a platinum electrode . 
Couple 
Cu(mnt) -2/-1 
2 
(V) 
+0.495 
-0.610 
till p 
(mV) 
50 
50 
(llA) 
1.09 19.8 
1.19 18 . 0 
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-3 
of Cr(mnt)3 , and comparison of the limiti ng currents of the oxidation 
waves and the reduction wave shows t he latt er to correspond to a complex 
multi-electron process. Thus, although a new reduction of Cr(mnt) 3-3 is 
observed, the total wave does not correspond only to the simple electron 
transfer 
but rather a complex multi-electron process with the products 
uncharacterised as yet. 
The oxidation waves observed polarographically were studied at 
a platinum electrode. These oxidations occur at EI/2 = +0.05 V and 
EI/2 = +0.27 V and are assigned to the 
redox steps. 
Cyclic vol tanunetric scans at the usual scan rates 
- I -1 -3/-2 (20 mV sec - 500 mV sec ) show the Cr (mnt) 3 couple to be 
-2/ -1 re~ersible and the Cr(mot)3 couple to be 
:r: The structures of the Cr (mot) 3 ccmpounds are 
non-reversible (Fig. 10-2). 
244 
thought to change from 
a trigonal prismatic to an "octahedral" geometry as :r: decreases from 0 
to -3. Accordingly, the non-reversibility of the more positive 
oxidation may be a consequence of a structural change following 
oxidation. Under rapid scan rate conditions (Fig. 10-2 inset) the 
oxidation at EI/2 = +0.27 V becomes more ne~ly reversible. It may 
therefore be possible to isolate Cr(mnt)2- in two different geometries, 
depending upon the temperature at which it is prepared. 
Both an oxidation and a reduction of CU (mot) 2 -2 can be 
detected polarographically . Cyclic voltammetry at a platinum electrode 
established that the oxidation at El/2 = +0.549 V corresponds to a 
reversible, one-electron oxidation with a rapid heterogeneous electron 
transfer (Table 10-2). This process is therefore assigned to the 
. 
i 
.. 
-2/-1 
Cu(mnt)2 
___ Cu(mntr2/-3 
2 
(inverted) 
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Figure 10- 4 . Cyclic volt<UlllIlagrams of oxidation and reduction processes 
of cu(mnt)2-2 at - 28°C . Scan rate is 50 mV sec-I . 
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couple. Comparison of the polarographic limiting currents establ i shed 
that the reduction process is quite complicated and is a seemingly 
multi-electron step. Cyclic voltammetry at a platinum electrode showed 
the reduction to be very non-reversible at normal scan rates (Fig. 10-3). 
However, rapid scan rate (> 2 V sec-l) experiments yielded a reversible 
wave in the region of this reduction (Fig. 10- 3 inset). Accordingly, 
the reduction was investigated at low temperature. At -28°, cyclic 
voltammetric experiments showed a reversible reduction in this region 
(- - 0.5 V). The oxidation and reduction waves at this temperature are 
superimposed in Figure 10-4 (note that the current axis is inverted for 
the oxidation). It is evident from this Fi gure that the peak currents 
of both waves are equal (see also Table 10-3) and so the reduct i on is 
assigned to the 
couple. This process is evidently highly reversible with respect to the 
kinetics of heterogeneous electron transfer, but at room temperature 
cu(mnt)2- 3 obviously undergoes some form of follow-up chemical reaction. 
Although the produc t s of this reaction have not been established, the 
very large peak current for the reduction at room temperature (Fig. 
10-3) is consisten t with a product or products being electro-active at 
this potential. 
These results indicate that the new complex Cu(mnt)2- 3 should 
be synthetically accessible at low temperatures. It is difficult to 
envisage further reduced forms of the ligand and it is therefore 
tempting to assign the compound as a copper(I) derivative. However, 
isolation of Cu(mnt) 2- 3 should enable the metal- or ligand-based 
character of the Cu(mnt)2-2 reduction to be established. 
(f) Os (SacSac)3 
Thi s complex has been shown to undergo a reversible, one-
electron, d i ffusion controlled reduction at a dme in acetone with 
169 El 12 = -0.05 V. A revers i ble reduction is also observed in DMF at 
112 El 12 = -0.151 V V B . sce at a rotating platinum electrode. The 
r educ tion has been assumed to be me tal-based, and the e a se of reduction 
169 correlated with completion of the metal t
2g 
sub-she ll. 
. 
i 
i 
I 
.CH -1/0/+1 
3 
- 1"'0 
-0 -3 + 0-1 +0-5 +0-9 
Pot· en t i Q 1 (V v s _ A 9 / A 9 C I ) 
Figure 10-5. Cyclic voltammagram of Os (SacSac) 3- 11 01 +1 system at il 
platinum electrode _ Scan rate is 50 mV sec-I . 
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The cyclic voltammagram at a platinum electrode of 
OS(SacSac)3 is illustrated in Figure 10-5. Both oxidation and reduction 
processes of Os (SacSac) 3 are evident and both can be seen to possess a 
considerable degree of reversibility. As a prelude to the study of the 
previously unknown Os (SacSac)3 oxidation, the reduction was 
characterised at a platinum electrode. At room temperature this wave 
corresponds to a reversible , one-electron ~eduction (typically, at 
-1 if 
100 mV sec , -.- = 0 . 97, /'IE =65 mV and E1/2 =-0 . 050 V). The system is l.b P 
also r e versible at · -40 °c (/'IE - 67 mV, and El/2 = -0.026 V) or at cyc:lic p 
voltammetri c scan r ates of 5 V sec-I 
Superposition of the reduction a~d oxidation waves (Fig. 10-6) 
shows the wave heights to be the same. Os(SacSac) 3 is therefore 
oxidised in a one-electron step ~t E I 12 = +0.920 V. Some assymetry of 
1.f 
the wave is apparent , the ratio -.- and the scan rate d ependence of this 1.b 
ratio (Table 10-4) indicating complications due to slow chemical 
reaction of Os (SacSac) 3+ . This assymetry is not evident at a scan rate 
of 5 V sec- 1 nor at -40 °C (Table 10-4) at which temperature 
r 
E1/2 = +0.885 V. 
Os(SacSac)3' then, undergoes an e lectrochemically reversible, 
one-electron oxidation at El /2 = +0.920 V to which is coupled a 
relatively slow, follow-up chemical reaction. Thus, the occurrence of a 
reversible oxidation of a neutral M(SacSac) complex has been 
n 
demonstrated for the first time. Os(SacSac)3 is the central member of 
the electron transfer series 
Os (SacSac)3 # Os (SacSac) 3 + # Os (SacSac) 3 
To what extent this series is metal- or ligand-based has yet to be 
h et al. 169 f th b . . established, althoug Bond avour e metal- ased descrl.pt1.on 
-1/0 for the Os (SacSac) 3 couple. Of particular significance is the lack 
of evidence for the 3,5-dimethyl-l,2-dithiolium cation in the cyclic 
voltammagram of Figure 10-5, perhaps suggesting that the Os-S bond is 
sufficiently strong to prevent S-S bonding. 
The ease of reduction and of oxidation of Os (SacSac)3 is 
consistent with Os (SacSac)3- and Os (SacSac) 3 + being amenable to 
synthesis. Both species should be stable in air. On the basis of the 
+ above results, it is suggested that the isolation of Os (SacSac») should 
I 
I 
+0·2 
+ 0 · 6 
o 
-1/0/+1 
Os(SacSac)3 
+0 ·8 
- 0 ·2 
o / + I (inv. ) 
0/- 1 
+1 ·0 
Potential (V vs . Ag/AgCI) 
Figure 10-6 . Cyclic voltammag rams of Os (SacSac ) 3 reduction (dashed/left 
hand curve, upper potential scale ) and oxidation (solid/ right hand 
curve , lower potential scale) processes at a scan rate of 100 mV 
sec-
1 
at a platinum electrode . 
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be attempted at low temperatures, but that the cation may be stable as a 
solid at room temperature. Preparation of these new compounds would 
enable the degree of metal- or ligand-based character of the redox 
process to be ascertained and a comparative crystallographic study of 
the series OS(SacSac)3-1/01+1 would be of great interest. 
The preliminary studies reported in this Chapter have 
established the presence of several new reduction processes for the 
M (mnt) n -n (n = 2,3) species and a new oxidation of Os (SacSac) 3. In 
particular, the Cu(mnt)2-2/-3 and Os(sacsac)301 +1 couples are reversible 
with respect to the rate of heterogeneous electron transfer, and both 
the syntheses of Cu(mnt)2- 3 and Os (SacSac)3 + should be possible at low 
temperatures. The possible existence of other highly reduced species 
has been demonstrated and several of these compounds may be isolable. 
Characterisation of the Os (SacSac)3 oxidation points to other possible 
M(SacSac) oxidations, and confirms that extended one-electron transfer n 
series are by no means confined to transition metal complexes of the 
1,2-dithiolenes. 
Table 10-4. Parameters for Os (SacSac)3 oxidation. 
Cyclic voltammetry at a platinum electrode. 
Temperature Scan Rate El/2 liE if/ib P 
-1 (V) (mV) ( °C) (mV sec ) 
22 100 +0.920 80 1. 26 
22 200 +0.920 70 1.14 
22 500 +0.923 75 1.04 
-40 50 +0.885 58 0.90 
-40 100 +0 0 885 60 0.85 
-40 200 +0.890 60 0.83 
. 
I 
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EXPERIMENTAL DETAILS 
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(a) SYNTHESES 
Compounds prepare d by published methods are collected in 
Table 11-1. Satisfactory elemental analyses were obtained in all cases. 
Other compounds were prepared as follows (analytical data in Table 
11-2). All solutions saturated unless specified. 
(i) Bis(malondithioamidato)nickel(II) 
[Ni(NH2SaCNH2Sac)2 J 
A warmed aqueous solution of nickel acetate tetrahydrate 
(0.004 mol) was added to a stirred solution of dithiomalonamide 
(0.008 mol) in hot water. The dark green ? roduct separates immediately. 
(ii) Bis(malondithioamidato)palladium(II) 
[Pd(NH2SacNH2Sac)2 J 
A warmed aqueous solution of disodium tetrachloropalladate(II) 
(0.005 mol) was added to a stirred solution of dithiomalonamide 
(0.01 mol) and sodium acetate trihydrate (0.01 mol) in hot water. The 
orange product separates immediately. 
(iii) Bis(malondithioamidato)platinum(II) 
[Pt(NH2SaCNH2Sac)2 J 
The mustard-coloured product was prepared similarly to the 
palladium analogue . 
All complexes were recrystallised for dimethyl sulphoxide by 
the slow addition of methanol and dried at 0.05 Torr at 80° (yield 
60 - 80%) • However, repeated efforts failed to remove completely 
occluded solvent from [Pt(NH 2SacNH2Sac) 2 J • 
. 
! 
I 
Table 11-1. Compounds prepared by published methods. 
Compound Preparation from Studied in Reference Number Chapter 
NH 2SacNH2SacH 14, 311 2 
3,5-Diamino-l,2-dithiolium iodide 110 2 
Ni(NH2SacNH2SacH) 2CI 2 104 2 
Ni(dtb) 2 312 2 
Zn(SacSac) 2 2 3 
t t Bu SacBu acH 21 4 
· (t t) N~ Bu acBu ac 2 130 4, 8 
· (t t) N~ Bu SacBu ac 2 21 4, 8 
· (t t) N~ Bu SacBu Sac 2 45 4, 8 
Ni(CF 3SacSac)2 83 4 
Cr(acac)3 313 7 
Mn(acac)3 314 7 
Fe (acac)3 315 7 
Co (acac)3 316 7 
Ni(Sac(NMe)ac) 2 a 8 
Ni(mnt)2(Et .. N) 2 317 10 
Cu(mnt) 2 (Et .. N) 2 317 10 
Fe (mnt) 2 (Et .. N) 318 10 
Cr(mnt)3 (Ph .. As)3 319 10 
Co (mnt)2 (Et .. N)2 320 10 
a 
after the method of reference 75. 
The substituted 1,2-dithiolium iodides, dithiocarbamates of sodium 
and cobalt(III), and Os (SacSac)3 were presented b y Dr. A.R. 
Hendrickson. 
- -
(iv) Tris{4-thiolopent-3- e ne -2-thionc ) c hromium{III) 
[Cr{SacSac) 3] 
-
1 2 2 
An acidified aqueous solution of chromous c hlor i d e (0 . 02 mo l) 
was added to finely divided 3,s-dime thyl- l, 2- dithiolium iodide (2. s s g, 
0 . 01 mol) under nitrogen. The resulting slurry was stirred for 4 hours , 
then the dark solid was washed with diethy l ether and r e crysta ll i s ed 
from chloroform to yield the product [Cr{Sa cSac) 3] (0 . 48 g, 36%) . 
(v) " Sodium Dithioacetylacetonate Solution " 
Sodium borohydride (0 . 34 g) was dissolved in basic methanol , 
and added slowly with st i rring to a solution of 3,s- dimethyl-l, 2-
dithiolium bromide (l g) in me thanol at 0 °c . 
(vi) Bis{TI-cyclopentadienyl) (dithioacetyla cetonato)-
vanadium(IV)tetrafluoroborate [cP2V{ SacSac)] [BF
4
] 
A solution of bis{TI- cyclopentadie nyl)vanadium dichloride 
(1.2 g) in a ce tone - water (50%) was adde d t o t h e "sodium d ithioacetyl-
acetonate solution" . The resultant solution was filtered and added to a 
solution of sodium fluoroborate (0.5 g) in water, the mixture the n 
being cooled to 0 °c for thirty minutes . Dark green crystals of 
[cP 2V (SacSac)] (BF 4 ] were precipitated. These were collected by 
filtration, washed with methanol and diethyl ether, and dried at 800c. 
(vii) Tetraphenylars onium Dithioacetylacetonate 
+ -[Ph4AS] [SacSac] 
Tetraphenylarsonium chloride (2 g) in a 50% aque ous methano l 
solution was added at 0 °c to a solution of s odium dithioacetylacetonate 
and left to stand at 0 °C. Red crystals separated after approximately 
thirty minutes and were collected by filtratio n and washed with diethyl 
ether . 
3,s-Dimethyl- l,2- dithiolium bromide (2 g) in methanol was 
adde d at 0 °c to a solution of sodium d i thioacetylace tonate {prepare d as 
I 
Table 11-2. Analytical data. 
C H S N M Halogen Mol. Wt. 
Compound (lis) (lis) (lis) (lis) (lis) (lis) or B (%) 
Calc . Found Calc. Found Calc. Found Calc. Found Calc. Found Calc. Found Calc . Found 
NiC 6H1O N"S" 22.16 22.28 3 . 11 3.46 39.44 38.97 17.23 17.23 18.06 18.06 325 313 b 
PdC6H1O N"S" 19.33 19.52 2.71 2 .72 34.40 34.09 15.03 14.20 28.53 28.24 372 370 b 
PtC6HlO N"S" 
a 15.61 16.00 2.18 2 . 31 27 . 79 27 . 45 12.14 11.44 42.27 39.13 462 c: 
CrClsH2lS6 40 . 4 40.2 4.7 4.7 43 .1 43.1 11. 7 11.7 445 467 d 
VCl SHl 7S2BF" 45 . 00 45.36 4 . 25 4.35 16.1 16.2 12.8 12.4 19.00 19.1 2.78 2.57 
CloH1"S" 45 . 8 45 .52 5 . 35 5.47 48.8 48 .8 262 279 d 
CoC3 3HS7 0 3S3 60 .33 60 .51 8.75 8.61 14.64 13.58 8.97 9 . 19 
a Calculated values for PtC6H10 N"S" +1/8 DMSO (see text) : C, 15.921is; H, 2.301is ; N, 11.93%; S , 28.041is; Pt, 41. 381is . 
b Vapour pressure osmometry in pyridine . 
a Solubility in pyridine too low to obtain a reasonably accurate figure. 
d Vapour pressure osmometry in chloroform. 
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above, but using 3,5-dimethyl-l,2-dithiolium bromide (1 g). The white 
crystals separated directly and were filtered and washed several times 
with diethyl ether. 
(ix) 1,2-Dithiolium Iodide 
Dry, gaseous hydrogen chloride was bubbled into methanol 
(150 ml) at 0 °c, until a 33% w/v solution was obtained. Iodine (9 g) 
was added and hydrogen sulphide bubbled into the solution for two 
minutes. Malonicdialdehydetetraethylacetal (15 ml) was then added, and 
the mixture stirred for two hours with hydrogen sulphide bubbling 
through. The red solution was filtered, and the yellow product 
precipitated by addition of copious amounts of diethyl ether. The 
product was filtered, washed with ethanol and diethyl ether, and 
recrystallised with difficulty from glacial acetic acid. 
(x) Bis (1,2-dithiopropanedialato) nickel (II) 
Solid 1,2-dithiolium iodide (2 g) and nickel chloride 
h e xahydrate (1 g) were ground t ogether with a mortar and pestl e at 0 0C. 
Solid sodium borohydride (0.7 g) was added, and the mixture ground 
further with several small pieces of ice. When the solid mixture was 
completely black, dilute hydrochloric acid (5 ml) wa~ added. After five 
minutes the black solid was filtered and washed several times with 
methanol and diethyl ether. 
(xi) Tri s (monothio-2,2,6,6-tetramethyl-3,5-heptane_ 
dionato) cobalt (III) (Co(But SacBut ac)3J 
This compound was prepared by the reaction of cobaltous 
acetate t e trahydrate (0.01 mol) with monothiodipivaloylmethane 
(0.02 mol) in methanol (5 0 ml) in the presence of oxygen. The dark 
green crystals were recrystallised from dichloromethane/methanol (nmr 
spectrum in CDC1 3 0 1.12 ppm, 0 1.32 pm, 0CH 6.64 ppm). COCMe 3 CSCMe 3 
. 
i 
! 
i 
---- --
(b) ANALYSES 
Elemental analyses and molecular weight determinations were 
performed by the ANU Microanalytical Service. 
(c) INSTRUMENTATION 
(i) Infra-red Spectra 
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Infra-red spectra were obtained with Perkin-Elmer 225 and 457 
grating infra-red spectrophotometers. Samples were suspended in 
potassium bromide or cesium iodide discs. 
(ii) Nuclear Magnetic Resonance Spectra 
Nuclear Magnetic Resonance spectra were recorded with a Varian 
Associates HA100, hundred megacycle instrument. Tetramethylsilane was 
used as internal reference. 
(iii) Electronic spectra 
Elec tronic spectra were obtained with a Cary 14 recording 
spectrophotometer . 
(iv) Electron Paramagnetic Resonance Spectra 
Electron paramagnetic resonance spectra were recorded with a 
Varian X-band spectrometer. 
(v) Mass Spectra 
The mass spectra of Chapter 4 were me asure d on an AEI MS 902 
instrument at 70 eV with ion Source temperatures in the range 150 to 
215°C. The metal complexes and dithiolium iodides were introduced on 
the direct insertion probe, while the ligands were introduced through 
the all glass he ated inlet which was maintained at 190° . Accurate mass 
measurements were made by means of high resolution s c ans recorded and 
processed by an on-line Raytheon 706 comput er . Metastable ions 
• 
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fragmenting in the first field-free region were recorded using the HV 
scan technique. The compositions of a ll ions referred to in the text 
were confirmed by accurate mass measurements, and first or second field-
free region metastable ion peaks, or both, were found corresponding to 
all ion reactions referred to in the text. All peaks are tabulated 
, 5 eN ' d 32S ' uS1ng 1 an 1Sotopes. Other mass spectral measurements were made 
at low resolution with an AEI MS 902 instrument. 
(vi) Electrochemistry 
Electrochemical studies utilised a Princeton Applied Research 
Corporation (PAR) Model 170 Electrochemistry System and a PAR Model 172A 
Polarographic Stand. All measurements were made in acetone with 
tetraethylammonium perchlorate (0.1 M) as supporting electrolyte. Argon 
was bubbled through all solutions prior to, and passed over all 
solutions during recording. A three-electrode configuration as 
described in reference 82 was employed with a Metrohm Ag/AgCl EA425 
(0.1 M LiCl) reference electrode in a 0.1 M Et 4 NCI0 4 salt bridge and a 
platinum wire auxiliary electrode. Potentials are quoted VS. Ag/AgCl 
unless otherwise noted. All voltammagrams were undamped and 
measurements made on maximum currents. Total iR compensation was used 
in all cyclic and ac voltammetric measurements, and phase sensitive 
detection was utilised in ac voltammetric studies. ,Coulometric 
measurements were made at mercury pool and platinum gauze working 
electrodes with a three-electrode system, and spectroelectrochemical 
results were obtained with the Cary 14 spectrophotometer utilising a 
cell designed by Dr. A.R. Hendrickson and described in reference 146. 
Working electrodes were glass capillary dropping mercury electrodes, 
Metrohm E-410 hanging drop mercury electrode, and Beckman platinum disk 
and hanging drop mercury electrodes. All measurements were made at 
22 °C. 
May and Baker 'Pronalys' acetone was used as received. t 
Tetraethylammonium perchlorate was either synthesised by neutralising 
t 
This product was found to be the most suitable for voltammetric 
measurements, required no further purification and provided the 
largest potential range. 2 
. 
! 
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, 
BOH 25% tetraethylammonium hydroxide solution with 20% perchloric acid 
or purchased from Pfaltz and Bauer, Inc . Before use the tetraethyl-
ammonium perchlorate was recrystallised twice from 95% ethanol and 
finally from A. R . methanol, dried and stored under vacuum over silica 
gel. 
Cyclic voltammagrams at scan rates greater than 500 mV sec- 1 
we r e recorded wi th Tektronix 5031 and 7613 Oscilloscopes and 
photographed with a Tektronix C-7 0 Oscilloscope Camera . 
Conductance measurements were obtained with a Phillips 
Conductivity Measuring Bridge type GM 4144/01. 
. 
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APPENDIX I 
LIGAND ABBREVIA TIONS 
:Jf' ~~'" au t SoeBu t oe - ~»-O-R oeoe Rllon 
S CH3 C4 H9 
~~'"' ,:~"" S~ R Socoe Bu' SocBu ,' SOC 
-J ~R' RR'dtc -
S 
CH3 
C4 H9 
,:1['"' :~~ -':c Soc Soc -2 HocHoe mnt 
-S CN 
CH3 
,~lr' :If -S>=< C02 Et - 2 NH2SacNH2Sac HSacHac dod 
-S CO2 Et NH2 H 
:~""' 'If • CH3~CH3 + dtb -) HSacHSac , i''';' ~ SacSac I I S S-S NH2 H 
,:lZ"'" :lZ'" 1['"' (NR)acS ac OEtSacSac CF3Sacac or 
Sac(NR)oc 
CH 3 CH3 ~ CH3 
:lZ"" Bu' oeBu t oe - :lZ'" ©(PMe2 CF3 SacSac diphas PMe2 C4 H9 CH 3 
